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A B S T R A C T
■ Manganese (III) forms both bisna1onatodiaquo- and
trismalonato-complex ions. Several new malonaioaanganese(III)
complexes have been prepared of the types M [ ) ^ C H ^ O ) . x H o0 
1
and M [ (C Ho0»,) 0Mn] . The established preparative methodsj Ct fSr c*
have been improved for the bis- and tris-series and a new 
route to the bismalonatodiaquo-complexes, which involves the 
oxidation of manganese(II) by permanganate, has proved 
successful.
The reflectance spectra of the complexes have been 
measured although these could not be interpreted in an 
unequivocal manner* ■ Magnetic susceptibility measurements, 
over a range of temperature, confirm that the complexes
4 /contain the high-spin d manganese(III) cation with moments 
close to the spin-only value. The infrared spectra of the 
complexes are similar and cannot be used to distinguish the 
bismalonatodiaquo- and trismalonato-manganese(XXI) ions.
Citratoraanganese(III) complexes cannot be prepared 
by routine preparative methods. Solution studies using a 
potentiometric Eiethod, have shown that manganese(III) forms 
both mono- and biscitrato complexes in solution with log(3 = 18.51?
JL
and log(3^ = 21.78. The stability constants for citratoman- 
ganese(XX) complexes have been measured and it was foLind 
that log(3^ = 3*014 and logp^ = 4.97. Evidence is also 
presented to show that metal complexes of the nonoprotonated 
citrate ion are formed in acid solutions of manganese(II) with
- 3 -
Xog|3 = 2.19 and' Xog30 = 4.096. Stability constants in theX
malonatomangaaese(III) system have also been measured and 
it was found that logP^ = 9-4-1 ■ and log(30 = 10.65* Using the 
stability constants measured in the present work and some 
literature values, the stability of manganese(III) complexes 
is related both to the ring size formed by a chelating group 
and to the number of chelate rings formed by any one ligand 
group.
The work described in this thesis was carried out in 
the Inorganic Research Laboratories of the Chemistry 
Department, University of Surrey, London, under the direction 
of Professor J.E. Salmon, Head of the Chemistry Department, 
and under the supervision of Dr* J.I. Bullock and Dr. J.A.R. 
Genge. Sincere thanks are due to them for their continuous 
help and encouragement throughout the progress of the work. 
Thanks are also due to Miss S. Isaacson for the construction 
of computer programmes and to the Technical Staff of the 
Department.
Grateful acknowledgement is made to Mr. Ambalal M.
Patel for occasional financial help.
Finally, the author would like to thank his wife and 
parents for all their encouragement and support throughout this 
work.
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P A R T  3^
SECTION I 
N T R O D T J C T X O N
(i) HISTORICAL INTRODUCTION
(a) CHEMISTRY OF MANGANESE(III)
Manganese has six oxidation states of (II) or greater and 
of these the (II), manganous and (III), manganic states are basin 
in character,, the (IV) state, as illustrated by manganese(IV) 
oxide, is amphoteric, and the (VI) and (VII) states are acidic 
in the sense that they exist only as the oxyanions, manganate and 
permanganate.
From a consideration of the structure of the manganic 
ion there is every reason to expect it to form complexes readily, 
since it has the combination of available d, s and p eigem 
functions which is required for the formation of covalent bonds,
r i ]
according to the theory of Pau-ixng*- .
That so few of such possible compounds have been prepared 
is readily ascribed to the complicated oxidation-reduction 
relationships of manganese. The simple manganese(III) ion is 
similar to the cobalt(III) ion in its large, positive oxidation 
potential,
C + e = Co2 + , S° = + 1.84V.,
Mm3 + + e = Mm2+, S° = + 1.49V.,
but ±0. even more difficult to study because of the readiness 
with which it disproportionates to the manganous ion and 
manganese(IV) oxide. It is also evident from the large
oxidation potential, that it is such a strong oxidant that it
is reduced by wateri-
2Mn3+ +' 2H20 = Mn2+ + MnOg + 4-H+. .
- 10
Thus, the simple tervalent manganese ion can scarcely exist in 
wafer; in presence of mineral acids it converts to a mixture of 
the dioxide and the corresponding manganous salt; in the 
absence of acids it is largely hydrolysed to a weak base, 
Mn(OH)^, which is readily oxidised, even by air.
This tendency of the tervalent manganese compounds to 
react to give either manganese(IV) or manganese(II), or a 
mixture of the two, is so strong that it has been suggested that 
postulated.compounds of manganese(111) in reality contain a 
mixture of quadrivalent and bivalent manganese. This, however, 
has been disproved by the undoubted existence of a number of 
tervalent manganese complexes. Furthermore, the tervalent 
manganese complexes have similar chemistries to the tei.'valent 
complexes of chromium, iron and cobalt, where there is no 
doubt about the true tervalency of the element. Thus, because 
of the instability of tervalent manganese, few manganese 
complexes in this state have been prepared, and there has 
never been a thoroughgoing study of the field, such as has beer- 
made for the compounds of chromium and cobalt.
Tervalent manganese, owing partly to its comparatively 
high electronegativity has a more or less pronounced tendency 
to form complexes in which its valency state is stabilised.
It mostly forms complexes of the ionic type with ligands of 
higher electronegativity containing oxygen as the donor atom, 
such as, oxalic, maIonic, salicylic, sulphuric, and p3rro 
phosphoric acids. Complex fluorides, chlorides, and cyanides 
are also fairly well known. The cationic complexes are
11 -
relatively scarce and moreover, manganese(XXI) has been found, 
to show little tendency to co-ordinate with nitrogen as donor.
(b) METHODS USED FOR THE PREPARATION OF MANGANESE(III)
COMPLEXES
A literature survey, reveals the following preparative 
methods for manganese(III) compounds.
(1) The oxidation of manganese(II), which can be 
affected by one of the following ways, produces manganese(III)„
(a) Solutions of tervalent manganese in dilute 
sulphuric acid can be prepared conveniently by the electrolytic 
oxidation of manganese(II). The oxidation of manganese(II) 
salts most readily affords manganese(III), if th e products 
are but slightly soluble, as are the oxide and phosphate. The 
oxidation must be carried cut in strongly acid solution so as to 
protect the manganese(III) through conversion to the complex 
state.
(b) Oxidation by persulphate, hydrogen peroxide, 
osione, sodium chlorate or permanganate,
(c) aerial oxidation,
(2) Manganese(III) can be prepared by the reduction of 
the higher oxidation states of manganese, but the conditions 
must be carefully controlled if the change is to be a 
quantitative one. When manganese(III) is prepared by the 
reduction of highly oxidised compounds such as manganese(IV) 
oxide or potassium permanganate, the best yields are obtained 
from concentrated sulphuric acid solutions, which stabilise 
manganese(III) because of the formation of a red complex with
the bisulphate ion, otherwise the reduction continues to give 
manganese(II).
(3) Metathetic reactions with manganese(III) acetate or 
manganese(III) acetylacetonate conveniently produce many complete
(c) THE COMPOUNDS REPORTED IN THE LITERATURE
The compounds reported in the literature are discussed
under various headings. The aim is to give information
concerning both the preparative methods employed and the physical
measurements performed.
(I) Manganese(III) Acetates
Manganese(III) acetate, Mh(AcO)EH^O, can be prepared,
by the oxidation of manganese(II) acetate in hot glacial
acetic acid, by permanganate or chlorine. The salt is soon
deposited when a little water is added to the-solution thus 
r2]
obtained . It can also be prepared by electrolytic
r  3 1
oxidation of manganese(II) acetate , A magnetic moment,
u. = 4.78 B.M. , at 291»2°K is reported^*^* The magnetic ex £
i omeasurements have also been carried out between 14 and 293 X,
the Curie-Weiss law, with 0 * = 28°, holds, and at 293°X the
magnetic moment is Lt = 4„9'4 B.M. The Curie-tfeiss constanteff
of 28° may be due to the influence of a small amount of magnetic
r 5 I :
exchangeL . The anhydrous salt, Mn(AcO)^, can be prepared
by treating hydrated manganese(XX) nitrate with acetic anhydride
with slight heating. An oily liquid obtained on cooling
deposits brown crystals
Polynuclear, complex cations containing acetate such
as [Fr_4 (Ac0)6(0H)2.Py.4.5H20](AcC)3C104, [Mn^(AcO)6 (OH) Py^]
r  7  ~j
(AcO)gClO^.nHgO, where n = 0 or 2, are reported ,
Salicylaldehydeethylenediiminemanganese(III) acetate, 
MnCC^pH^O^Ng)AcO i s prepared by reacting salicylaldehyde- 
ethylenediimine with manganese(III) acetate dihydrate in 
methanol. Similarly, o-hydroxyacetophenoneethylenediimine-
r si
manganese(III) acetate, Mn{c2oH21°4N2^AcO also prepared1-
(II) Manganese(III) Formate, Benzoate and Related
Compounds
Manganese(IV) oxide dissolves in 90% formic acid with
the evolution of heat and carbon dioxide. When the evolution
of carbon dioxide ceases, the solution is filtered and the
fol
filtrate deposits manganese(III) formate, Mn^(HCOO) .2HgO .
The benzoate, Mn(BzO)o0H, is made by the oxidation of 
manganese(II) benzoate with potassium permanganate. Polynuclea 
complex cations containing benzoic acid such as
F71
[Mn^ (BzO) g (OH) ^ CgHj-OH] t [Mn4(BzO) g(0H) (..Py^] .BzO are reported
(111)Manganese(III) Chlorides 
(a) Manganese(III) Chloride
When dry hydrogen chloride is bubbled through a mixture 
of manganese(IV) oxide and cooled by a mixture of ice and salt, 
a greenish-black solid is obtained. The solid is reported 
to be a mixture of manganese tri- and tetrachlorides, together 
with some manganese(II) chloride. The trichloride is 
extracted with ether and the analysis of the ethereal solution 
shows that it contains the trichloride. The solid could not
r i o ibe obtained pure . Solid manganese(111) chloride is said 
to be the black, unstable solid obtained on saturating a 
suspension of manganese(IV) oxide in ether with gaseous
hydrogen chloride at -70°C followed by precipitation with
r i i icarbon tetrachloride and ligroin » It has been claimed to 
have been made by treating the acetate, Mn(AcO)^, with
o r ^ ihydrochloric acid at -100 C *
■Complex Manganese (III) Chlorides
Tiftien manganese(IV) oxide is allowed to remain for a
considerable time in contact with cold concentrated hydrochloric
acid saturated with hydrogen chloride and chlorine, a brown
solution is obtained, which when filtered and treated with a
cold solution of ammonium chloride, yields ammonium
rx3i
toentachloromanganate(III) (NH, )0MnCl „ It can be obtained* LZ Cj 0
also by the reaction of permanganate and a concentrated
solution of ammonium chloride with a cold 'k0% aqueous solution
f i&l
of hydrochloric acid . The preparation can also be
performed from a solution obtained by treating one of the higher
manganese oxides (Mn^Q^ , Mn^Q^MnQ^ or a mixture of any of these)
with cold, concentrated hydrochloric acid saturated with dry
[*15]hydrogen chloride .
A potassium salt, KoMn01_ cam be prepared by the
r 1 3 X^3r XS 1methods employed for the ammonium salt ’ ’ m The
potassium salt can also be prepared by reducing a solution of
potassium permanganate in acetic acid and potassium acetate
with hydrogen chloride . The compound exists both as a
ri3 i4imonohydrate and as the anhydrous salt ’ . The preparation
of the rubidium salt, Rb0MsiGi and the caesium salt,
fl4 161CSpMnCl^ is also mentioned 7 „ The corresponding
thallium salt could not be isolated^^X Pyridine
pentachloromanganate (III) , 2C^H^N(KC1)1jjiCX^ , and quinoline
pentachloromanganate(III) , 2C^H^N(i!Cl)thiCl^ are made from the
green solution of a higher oxide of manganese in absolute ethanol
[16]or ether saturated with hydrogen chloride A number of
complexes have been obtained with chlorides of quaternary ammonium
[17]bases
[Et^N]pMnCX is made by the reduction of manganese(IV)
oxide suspended in carbon tetrachloride with hydrogen chloride, 
followed by extraction with ether and the addition of a solution 
of tetraethylammonium chloride in ethanoli The compound is
reported to be a 5-co-ordinate complex as the magnetic behaviour 
is normal and the spectrum differs from that of octahedral
[131
spin-free manganese (III) complexes . The interaction of 
phenanthroline or bipyridine in strongly acidic solution, with 
the solution obtained by treating potassium permanganate with 
concentrated hydrochloric acid results in the separation of 
H.MT-dihydrophenanthrolinium pentachloromanganate(III),
[phen-Hg][MhCl ], and the corresponding bipyridine salt, 
[bipy-Hg][MnCX^]#
Some of the physical properties of the compounds are 
summarised below.
Compound Magnetic 
Moment1 (B.M . )
Spectra
MnCl,
[Et^N] gMnClj, 
[phen-Hg][MaCl^]
[bipy-H ][MhCl ]eL 5
Co C9H30H6& C 1 6
5.08 (in solution) 
5.0(86-293°K) 
5.0(298°K) 
5.07(79-336°K)^2G  ^
4.8(292°K)19 
4.88(117-292°K)[20] 
4.91(294.5°K)^22^
Solution [18]
Reflectance [19]
Reflectance [19]
X-Ray diffraction J
and reflectanceL"22jj
16 -
It has been shown that manganese(III) chloride reacts
with amines mainly to give 1:3 adducts. These are moisture-
sensitive, but stable at room temperature. With 1,10-phenanth-
roline and bipyridyl, water-soluble complexes result in which
the chlorine atoms may be substituted by other anions. Reaction
of manganese(III) chloride in the presence of aoetylacetone causes
{"2l1
substitution of one or two chlorine atoms by the diketone
Tris- (1, 2-propanediamine) -cobalt (III) hexachloromanganate ( ill;;. 
CoC^H^QNgMnClg, is precipitated from a hot solution of 
manganese(XX) sulphate monohydraie and tris-(1,2-propanediamine)- 
cobalt(XXX) chloride in a minimum amount of hydrochloric acid 
by the addition of small amounts of sodium chlorate.
Tris-(1,2-propanediamine)-rhodium(III) hexachloromanganate(III),
Kh[ (C^M^Ng) [MnClg] has been also prepared in a similar way.
(IV) FLUORIDES
(a) Mangamese(XII) Fluoride, MnP^
The mineral manganite dissolves in hydrofluoric acid, 
forming a red solution, which, on evaporation, gives dark brown
r 231prisms of manganese(III) fluoride . The same compound can 
be obtained from a solution of artificially-prepared manganese
r24 o e"I
hemitrioxide in hydrofluoric acid ’ . The action of
permanganates on a manganese(II) salt in the presence of
[261hydrofluoric acid produces a similar product . The action
of fluorine gas on manganese(XI) iodide gives anhydrous
.so b
[29]
r p 7 p a
manganese(III) fluoride, MnF^ * • li can also e prepared
from manganese(II) iodate and bromine trifluoride
- 17 -
( T b )  C o E i p l e x  Manganese (III) Fluorides
Two series of complex salts of1 the type^MnF^.nHgO and 
R0MnF- are obtained by the union of manganese(111) fluorideds 5
with an organic base such as quinoline, guanidine, teiramethyl 
ammonium, • dime thy lanine , diethylamine , ethylamine, xDr°Pylam:^ ne» 
or ethylenediamine^^ . When a solution of hydrated manganese 
hemitrioxide in hydrofluoric acid is added to a concentrated 
solution .of ammonium fluoride, crystalline, is
r 2 4 2 s iobtained'* 5 .KgMnF^.H^O, is made by adding an excess of
potassium fluoride to a solution of hydrated manganese
f3l] [261
hemitrioxide in hydrofluoric acid . Muller and Eoppe 
also, mentioned its preparation,, The action of nitrous acid 
in the presence of hydrofluoric acid on either potassium 
permanganate or on a manganese(II) salt, the nitrous acid acting 
in the former case as a reducing agent and in the latter as an
r q2ioxidising agent, gave the same product , EoMnF_.Ho0 wasd p 2
also prepared by the action of manganese(II) ' sulphate with potassium
permanganate in the presence of hydrofluoric acid and an excess
[33]
of potassium fluoride . The preparation of Ag0MhFt.#Ho0,
ZnMnF,..4 (and 7) H^O, C o M n F .4HgQ, and.NiMhF^.4HgO are also 
[24]mentioned . Attempts to prepare a thallous manganese(III) 
pentafluoride, analogous to the alkali metal salts, furnished,
5TIF * 2MhF _ . MnF 0 ^  ^  .
J d
The magnetic moment of manganese(III) fluoride is 
reported as 4.91B.M. at 290°E with &  = -8° for the temperature 
range 90 to 2 90°K^^. Nyholm and S h a r p e g a v e  = 4.94 B 0M.
The small magnetic interaction in such a substance is somewhat
- 18 -
r 3 31surprising. For K^CMnF^ (H^O) ] , has been given as 3.87BJM. ,
r 361 owhile Nyholm and Sharpe gave = 3*32B..M. at 293 E and they
have also observed a reduction of moment which was entirely 
unexpected. The magnetic behaviour is found to be complicated 
between 80° and 3QG°K®*'^‘® and magnetic exchange is pronounced.
The diffuse reflectance spectrum of MnF^ at room temperature
r 3 81
as well as at liquid nitrogen temperatures has been reported 
The polarised single crystal spectrum and the solution spectrum 
in the case of (NH,)o[MnF_.Ho0] are reported along with the
4 fc d  5  d
diffuse reflectance spectrum and the solution spectrum of 
K2[MnF5.H20]C39].
It has been pointed out that no bromide or iodide of 
tervalent manganese is known, nor have the corresponding
r4oicomplex salts been prepared . The preparation 
bis-salicylaldehyde-triethylenetetraminemanganese (III) iodide, 
hydrate, [MnTS^]I.H^O was reported in 1964^*^.
(V ) Manganese(III) Phosphates 
Manganese(III) orthophosphate, MnPO^.H^O, is made by 
the decomposition of manganese(III) acetate with phosphoric 
acid, and also by the addition of a concentrated solution of 
manganese(II) nitrate in nitric acid to a hot, aqueous solution 
of phosphoric acid®*1^ *®. Travers^^ also made this salt.
r 4^2:1Magnetic measurements in solution gave = 5#04B.M. .
A value, (j,e^  = 4.4-9B.M. at 289*7°K has been also reported®* .
The substance follows the Curie-Weiss law with $ = 53° between 
93° and 350°K, and with = 4.5 at 290°K. There appears
to be a certain amount of magnetic interaction present®*^"®,
pnoric acxd‘
Trihydrogendiorthophosphatomanganate (XII) , [Mn(PG^,) ^ ] , has been 
mad© by the reaction of anhydrous manganese(III) acetate with 
concentrated phosphoric acid at 100°C. Ammonium, lithium, 
sodium, potassium and guanidine salts of this acid are also 
Imown®'
The compound Mn^P^O,-,) ^ .SH^O, is prepared by the action 
of concentrated phosphoric acid on manganosic oxide or 
manganese (XV) oxide at red heat®"^"®. Many other workers have
also described the preparation®* . The
r 531tetradecahydrate, Mn^PgO^^.lOHgO, is also known .
Manganese (III)hydropyrophosphate, MnHPgO^, is prepared by the 
addition of manganese(III) orthophosphate to molten orthophos-
r 541 ~i 1" . Ammonium manganese (III) pyrophosphate,
l^gMnPgO^, is made by heating a mixture of precipitated
manganese(XV) oxide and diammoniumhydrogen phosphate in water.
The product is heated with syrupy phosphoric acid until it
becomes violet. On washing with water, a Violet powder is 
f55lleft . It has been shown that it has n = 4.88:B.-M. at1 ejLi
300°K, and = 10° for the range of temperature 93° to 4 ? 3 ° E ® ' *
The sodium salt, NaMnPgO^.5Hg0, can be made by mixing a solution
of the acetate in glacial acetic acid with sodium pyrophosphate 
[4-2]solution . It can also be made by dropping a solution of 
manganese(III) oxide into cold, concentrated hydrochloric acid 
into a saturated solution of sodium pyrophosphate; NH.MnPo0 ,3Ho0TT ds p
[561has been also made by a similar method . The potassium 
salts, . 5H^0, stable below 10°C, and IQ^InPgO^. 3H^0 are
also known®"'*0"® along with the anhydrous salt, EMnPo0„®"^ "^®«
2  i
The manganese(XII) metaphosphate, Mn(P0 ) £^3,47,49,^3] an£j
J j
[ 5 51hydrated salt Mn(P0 ) ,H 0 are also reported.
J J 2
(VI) Manganese(III) Sulphates
(a) Manganese(III) Sulphate, (SOfj, ) ^
[57]Carius prepared this salt by triturating manganese(lY)
oxide with concentrated sulphuric acid. On warming a mixture
of* potassium permanganate and concentrated sulphuric acid,
MagCSO^J^.HgSO^.^HgO, separates out which on heating, loses
T 5water and acid, giving the green manganese(III) sulphate .
It is also obtained by the electrolysis of a manganese(II) 
sulphate solution in 8M. sulphuric acid®"**^  ’ ^ "®. Other workers
have also described its pre par ati on? ^*®.
(b) Manganese(III) Alums       l
Ammonium manganese (III) alum, NH^I;fe.(SO^ ) ^ , can be made
by the addition of equal volumes of nitric and sulphuric acids 
to ammonium manganese (II) trisulphate ®-^ -® . It is also made
by the electrolysis of a solution of ammonium manganese(II)
[641sulphate . . When ammonium sulphate, dissolved in dilute
sulphuric acid, is treated with manganese(III) acetate at 
low temperature, hydrated ammonium manganese(III) alum,
r 6 51
NH^_Mi(S0^)2 . IBH^O is obtained1 , By a similar method, a 
series of hydrated alums, MMn(SQ,) .12H 0 (where, M = E,l£ di di
Rb, Cs and Tl) , is obtained®*^'*'®. 'The potassium salt,
lOIn(SO^)g» is obtained by the addition of sulphuric acid to a
[66]solution of potassium permanganate in cold acetic acid .
Franke®^*® has also mentioned its preparation. The electrolysis
of a solution of equal parts of manganese (XI) and caesium
r (£*71
sulphates furnished the caesium alum ; the magnetic moment 
was JA = 4.91 B.M. at 297°K®’^ '®. Aluminium manganese (111) 
trisulphate, MnAl(SO^)^, can be prepared by heating a solution 
of manganese (II) and aluminium sulphates with a mixture of 
sulphuric and nitric acids; corresponding chromium and iron
[69]trisulphates are also known .
- 21 -
(VIII) Neutral Complexes of Manganese(III) 
Acetylacetonatomanganese(III), Mn(aCaO)^ can be made by 
the reaction of hydrous manganese (III) oxide and acetylacetone®'^^, 
by the aerial oxidation of a mixture of hydrous manganese(XI)
f7l]
oxide and aqueous acetylacetonate , or by reacting calculated 
proportions of potassium permanganate and manganese(IX) sulphate 
In the presence of a slight excess acetylacetone at a regulated
r 7 2 ]pH near to 5.0“ . The magnetic moment is given as
[7 3]
^eff ~ • 'f'h.o magnetic measurements have been
carried out from room temperature down to l6.95°E; and gave
^eff = ^*9$ 300°K. The Curie-Weiss law holds down to 70°K
o owith 0 = 5.5 . Below 70 K the susceptibility rises more
r?hi
rapidly than required by Curie-Weiss law . Pipper and 
[7 3 ]
Carlin have studied the Crystal spectrum. Benzoylacetyl-
acetonatoraanganese(III) is also known.
The oxidation of manganese(II) sulphate by potassium 
persulphate in the presence of sodium-2-picolinate gave 
manganese (ill) picolinate monohydrate, •
When dry eihanolic solutions of manganese(III) acetylacetonate 
and picolinic acid react together anhydrous manganese(III) 
picoianate is obtained; the magnetic moment is given as
^eff ” ^*90 B.M. at 298°K. The solution spectrum has also been
[7 7 ] ■ ^
studied . In a similar way tri(8-hydroxyquinolinato)manganese (TlXx
^27^l8^^^3^31 ^as >^een PrePared. The magnetic moment is 
given as = 4.90 B.M. at 298°K, and the solution spectrum
has also been studied®*^"®. Lever, Lewis and Nyholm®"'^'® have 
reported tris-(N.-oxido-2-picolinato)manganese (III) , C^gH^gMnN^0o
- 22 -
The magnetic moment is given as = 5.0 B.M. at 298 K.
Infrared and ultraviolet and visible spectra have been studied.
The manganese(III) compounds of the following substituted 
thiocarbamates are known. N-piperidyl-, [(C H nN.CS )_Mn],5 1U di J
^eff = B.M., N ,N-di i sobut y-, [ (CgH^N. CSg)^Mn] , = ^.73 B.M.,
and N,N-dibenzyl-, [ ( C ^ H ^ N .  CS2) ^ Mn] , \^eff = 5*02 B.M. ;
dithiocarbamic acid. They are obtained by adding a manganese(II)
sulphate solution to a 2% aqueous solution of the corresponding
ammonium salt. The precipitated salt rapidly oxidises in .^ir
to give the manganese(III) salt^*^*^^ The preparations of
Mn(Ei2.N.CS2) ^ 8°-i, Mh(DPM)3, MhCDIBM)^, Mh(F acaC) ^  and Mn
Mn(F/»aCad) 0 are reported^^^. o j
(VIII) Cationic and Nitrogen Complexes of
Mangane s e(111)
A particularly interesting feature of these complexes
is the "fact that manganese(III) is sometimes co-ordinated
with the nitrogen atoms of the ligand molecules and manganese(III)
r q 21
occurs in a cation. Sidgwick pointed out that manganese(III)
usually occurs as an anion and shows little tendencey to 
co-ordinate with nitrogen to form amines or nitro-complexes.
Cartledge^®*^ has prepared, [Mn(acac)2(H20)2]C10^. 2.5HgO 
and [Mn(a6a6) 0 (Ho0) ]C!.2Ho0. The perchlorate is prepared by
di (szi di di
triturating the tris-acetylacetonate complex with perchloric 
acid in slightly less than the theoretical quantity for the 
reactions-
acac>3 + HCIO^ + BKgO = Mn(acac) 2(H20) gClO^ + acac + H +
The chloride complex is prepared by triturating the
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tris-acetylacetonate complex with hydrochloric acid. It can 
also he prepared according to the reaction,
^MhClg+KMnO^+lOHC H7 02 +6H20 = 5Mn(c^ l7°2) 2 (HgO) 2C1+KC1+2KC1.
If* a solution of manganese(III) acetate in cold ethanol
70% perchloric acid, and acetic anhydride are mixed in
appropriate proportion, and "the resulting solution saturated with
dry hydrogen chloride, the complex, [Mn. Biarsine Clg.HgGlClO^
separates out on addition of an ethanolic solution of diarsine.
oThe magnetic moment is given as \x = 5*10 B.M. at 293 K* Thee x jL
co-ordination number of 5 for the manganese(III) ion suggests the
3
possibility that the bonding orbitals may be 3d4s4p . A
[841corresponding bromo-complex has been also reported . The 
complex, [Mm kipygO^^E^S^l 5*^?0 waS °^ >'^a;^ ne(  ^ dissolving 
manganese(II) sulphate in a warm water suspension of molten 
2,2*-bipyridyl, potassium persulphate being used as the oxidising 
agent. The corresponding perchlorate, [Mn bipy20]2[C10^]3.2H2G 
was prepared by the metathetic reaction with sodium perchlorate. 
The magnetic moment of 1.70 B.M. , for the .anhydrous perchlorate 
at 293°K corresponds to One unpaired electron which Is
4unexpected since octahedral spin paired manganese(III) '^2g^ an^
3
manganese(IV) (t0 ) should have two and three unpaired electrons2g
respectively. However, the moment may arise from metai-metal
interaction because of the presence of the metal in two different 
oxidation states. The oxidation number of manganese is found 
to be 3.4 which is near to 3.5, and hence the following formula
[85Iwith a binuclear cation is likely
-  2k  -
m and Turco prepared^*00  ^ tris-(2, 2 1 -hipyridyl
1,1 -dioxide)mangane®e(III) persulphate, [Mn(bipy0o) „] (So0Q), -.kfl^Q
2 p o X . p
(^eff = 5.0 B.M. at 288°K), and [Mh(bipy02) ](Clop,.3H20
= r^*97 B.M, at 288°K) by treating aqueous manganese(II) 
sulphate in the presence of* the dioxide with persulphate; the 
addition of* perchlorate produces the perchlorate complex, 
Trichloroaquophenanthrolinemanganese(III),
[Mh(phen)(H20)C1^], = ^-90 B.M. at 299°E) and the
corresponding bipyridine complex, [MnCbipyjHgOCl^] k.^Q at
296°K) were made from solutions with low acidities. Bridged 
manganese(III) complexes, [Mn(bipy) Cl^]2 ^eff* = ^*20 at 290°K) 
and [Mn(phen)Cl^]^ = ^*6 at 29^°K) were obtained from
the xoroduct of the interaction of manganese (XV) oxide and
r 19]hydrochloric acid . [Mn(phen)H20F^] was prepared as a
dull orange, crystalline solid by treating 1,1 0 -phenanthroline
with a solution of manganese(III) oxide in aqueous hydrofluoric
r 20~!
acid and [Mn(trpy)Cl.] was obtained J from a reaction similar
✓
to that used for the preparation of trichloroaquophenanthroline
ri9]
and bipyridine complexes . Magnetic measurements were
carried out over a wide range of temperature for all the
complexes. The data reported are; [Mn(bipy)H 0C1 ], B = -25°;
. d j
[Mn(phen)K2OCl3], © = -7°; [MnCphenjHgOF^], © = -13°;
[ M n ( t r p y ) C l © = -10°; [Mn(bipy)Cl«], & = -15^°; and 
j 3
[Mn(phen) Cl ], © = -18.3°* The compounds with small © values
j
are simple paraaagnetics. The complexes with large © values,
[Mn(bipy)Cl^] and [Mn(phen)Cl^J are .antiferromagnetic•
Accordingly, it would appear that the compounds [Mn(bipy)Cl ]
" ~ j
find [Mn(phen) Cl ] are not monomeric and five co-ordinate.
A dimeric structure (I) or a more highly polymerized structure 
such as (II) could allow for the antiferr©magnetism either by 
direct metal-metal interaction, in (I) or by a super exchange 
mechanism- through the bridging chlorine atoms, in both (I) and
(II). It is also possible that a mode of polymerization 
more complex than that in (II) may occur.
T
Cl
-Cl
Mn
ClCl, “ XI
Cl
Cl
Cl
Mn
(II)
(I)
r 201Reflectance spectra are also reported ,
Complexes with biguanidine and ethylenedibiguanidine
r 871are also reported ■ . The complex diol~di~manganese(III)tetra- 
kisbiguani.de monohydrate, ■?
Ill III[ ( B i g ) . M n  (Big) „] .HO, 
where BigH is biguanide, can be prepared by the aerial oxidation 
of a mixture of an excess of biguanidine sulphate and manganese(IX 
sulphate in a strongly alkaline medium. The same compound is 
also formed on treating freshly prepared manganese(III) acetate 
with an alkaline solution of biguanide. The magnetic moment at
- 26 -
303 h is given as 4,7 B.M. Manganese(XII) ethylenedibiguanide, .
XXX
[0H(Hg0)l'fa. E t ( B i g ) 0.5H^0, (where Et(BigH)^ is ethylenedibigunide} . 
has been prepared in a similar way. The magnetic moment at 
3G3°2£ ig 3•<26 B.M, In aqueous solution the ethylenedibiguanide 
complex suffers hydrolysis with the formation of a diaquo complex 
in the equilibrium
[0H(H20)^nEt(BigH)2]2+ + K2Q ~  E (H20)jfoXIIEt (BigH) 3* + OH.
A series of complex diaquo salts has been isolated from the 
solution of the hydroxo-aquo base in acetic acid by the addition 
of the corresponding alkali salts:
[(H20)^-5uEt(BigH)2](S 0 4 )x .3H20, (p.ef.f = 4.57 B.M. at 302.2°K),
[(H20^!nEt(BigH)2](Se0ii)1>5.3H20, (|ieff = 4.58 B.M. at 303°K),
^ ^,2.511^ 0 have been prepared in 
this way. The complex, hydroxoaquo(biguanido)4&cetylacetonato) 
manganese(XXX), [Mn(OH)(H^O)acac.big] is obtained by refluxing, 
manganese(XXI) acetylacetonate and free biguanide in a 1:2 molar 
ratio in ethanol. The magnetic moment at 305°K is 4.95 B.M.
r 881Ultraviolet and visible spectra in solution are reported
rpgi
Engelsma, Yamamoto, et al. J have reported a number 
of complexes with phthalocyanine and a few with etioporphyrin.
(IX) Ethylenediaminetetraacetic Acid and Related 
Complexes of Manganese(XXX)
EDTA (H^y) reacts with a mixture of manganese(XV) oxide
and potassium hydroxide, obtained by reacting potassium
permanganate and aqueous alcohol, yielding a deep cherry-red
coloured solution. On the addition of alcohol, deep red j
and [ (HgO^'^nEt (BigH) 2] (Cr0^ _)
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crystals of the complex salt, XCMn.Y.2.5HgO separate out. The 
magnetic moment is given as = 4.89 B.M, at 294°K. The
r 9oicomplex has beeti studied in detail , Following the above
procedure a complex with trans-cycloheXane-diamine-tetraacetic acid
[°1 92]has been prepared y ’ . An alternative method of the preparation
of this compound was to add the manganese(IV) dioxide slurry to a
slurry at 0°C containing C DTA (H.C) and manganese(II) nitratey te
in 2;1 molar ratio. The mixture was vigorously stirred. The 
manganese(IV) oxide remaining was filtered off and the filtrate
00 Iwas treated with an equal volume of cold ethanol at -78 C, The
solution was then removed and allowed to come slowly to 10°C
fopl
whereby dark red crystals remained . Two formulae -
KMh#C.3H20 (with magnetic moment, = 4.94 B.M.) ^ l] an(^
r 9 21KMn#C.3.5H20 are given. The coniplex with hydr oxy ethyl ethyl ene-
diamine-triacetic acid (H^E), Mh.E.2.511^0, has been prepared 
in a similar way, Solution spectra and oxidation-reduction 
potential measurements are reported^^,
(X) Manganese(III) Complexes with Salicylic and 
Halogenated Salicylic Acids
Oxidation of bivalent manganese to the tervalent state with
potassium persulphate in the presence of an ammoniacal solution
of salicylic acid gave,
NH4[Mn(saI2-)2.2H20].2H20, (i). NH%[Mn(sal2-)2.Py2].Py.5H20 ,
(ii), is obtained by dissolving (i), in the smallest possible
2—quantity of pyridine with slight warming. H[Mn(sal’ )0.Py0],2H 0cL Ok u
is formed by dissolving (ii) in ethanol and adding glacial acetic ■ 
acid^3-^. A magnetic moment of = 4.81 B.M. has been given
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for complex (i) at 290.5° X ^ .  NH^_[Mn(sal2') 2. 2H20] , is
obtained by recrystallising the product obtained from aqueous
solution by treating a manganese(II) salt with salicylic acid in
the presence of ammonia, from alcohol. It can be also
obtained by treating.an alcoholic solution of manganese(II)
nitrate with a solution of salicylic acid and ammonia in alcohol.
With silver nitrate in alcoholic solution the ammonium complex
2-gave, Ag[Mn(sal )2„2H2Q]. For the ammonium complex the
magnetic moments of = 4.93 B.M. at 291<”>X and = 4,88 B.M.
q  r941 Iat 77-K are reported . The complexes reported with '
halogenated Salicylic acids are,
[NH4][Mn<Cl-sal2~)2.2H20], |ieff. = 4-92 B.M. at 295°K,
[Ag3[Ma(Cl-sal2-)2.2H20], = 4.80 B.M. at 295°I<,
[NH4][I*i(Br-sal2_)2.2H20], Heff = 4.85 B.M. at 295°K,
[Ag][l-fa(Br-sal2-)2.2H20], |Aeff. = 4.43 B.M. at 295°K,
[KH,l][Mn(I-sal2_)2.2H20], p,ef.f = 4.96 B.M. at 295°K,
[Ag][Mn(I-sal2-)2.2H20], neff = 4.75 B.M. at 295°K.
These are prepared by treating aqueous manganese(II)
salt solutions with ammoniacal solutions of halogenated
salicylic acids in the presence of potassium persulphate.
Corresponding silver complexes are obtained by double
[95]decomposition in alcoholic solution .
(XI) Cyanides Complexes of Manganese(1X1)
M e y e r h a s  prepared the cyanide complex,
X^[14n(CN)g]. When solid manganese(II) carbonate is added to
a saturated solution of potassium cyanide, K^[Mn(CN)^] is formed 
which, when air is passed through the solution is rapidly changed 
to needles of £ [Mn(CN)g], The sodium , lithium, and ammonium 
salts are also known. Magnetic measurements gave p,e^  = 3.25 B.M 
at 292.1°K  ^ , and 3«6l B.M. at 292°K ^  . The magnetic
susceptibility of this compound has been studied between 4° and 
300°K. The magnetic moment is 3*5 B.M. at 300°X, and falls to
f" r\ "1
about 1.0 B.M. at 4 K . The absorbtion spectrum in solution
[99]
has been reported. The hydroxy complex, KoMn(CN)_0H is known
3 5 |
and the magnetic moment for this compound is = 2.92 B.M.
[Mn(HO)(CN), is made by shaking a water-ethanol solution of 
manganese(II) acetate and potassium cyanide in the ratio of 1:5 
in an atmosphere of nitric o x i d e . Other workers have 
also mentioned its preparation .
(XII) Complexes of Manganese(III) with Dicarboxylic
Acids
Complexes of manganese(III) with oxalic, malonic, and 
tartaric acids has been reported in the literature. The 
oxalate ion functions as a bidentate ligand and forms complexes 
which contain five-membered rings (X), malonate ion may also 
function as a bidentate ligand, but forms complexes which contain 
six-membered rings (II).
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As far as complex-formation with manganese(III) is 
concerned, if has been observed that complexes with malonate ion 
are readily prepared even though these involve a six-membered 
ring system whilst oxalato complexes, which involve the five- 
laembered ring system, are more difficult to prepare. This 
difference arises because of the greater stability of malonic 
acid towards oxidation.
Thermal decomposition has been observed in both the 
cases, but the oxalato complexes also undergo photochemical 
decomposition. Potassium bisoxalatodiaquomanganese(III) is 
soluble in 0.G1M nitric acid, whilst the corresponding bismalonato 
salt decomposes when treated with such a solution. This 
difference evidently arises in that bismalonato salt dissociates 
more readily into its constituent ions. The high reactivity of 
the complex is also indicated by the following transformations, 
which take Tolace almost instantaneously, (a) syrupy phosphoric 
acid gives the violet phosphoric acid complex, (b) Tootassium. 
cyanide in excess gives the hexacyano complex, (c) hydrofluoric 
acid in excess gives the pink pentafluoro-aquo-complex and
(d) catechol, cupferron and salicylic acid also give their 
respective complexes. Attempts have been made to prepare mixed 
hexa-acido complexes by replacing the two water molecules of the 
bismalonato salt by an oxalate ion according to the reaction:-
[Im(H20)2 (C3H 204 )2]- + C2o\~ —  { C ^ o p p 3" + SHgO
When stoichiometric quantifies are mixed with very little water, 
a portion of the bismalonato salt is converted into the trisoxalato 
salt, whilst the remainder remains undissolved. Oxalic acid in
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excess gives the green, bisoxalato salt* An oxalate buffer in 
sufficient quantity converts the bismalonato salt into the 
trisoxalato compound in good yield* Preliminary measurements 
of electrode potentials, with a suitable electrode system, 
indicate that the bisoxalato salt is more stable than the 
bismalonato salt by somewhat less than 1000 cal. per mole* In
the case of potassium bismalonatodiaquomanganese(III), isomeric 
forms of different colours or crystal habit have not been
observed, in contrast to the behaviour of the corresponding
_ , -,[103]oxalato salt *
The oxalatomanganese(III) and the maIonatomanganese(III)
complex ions are interesting in that in aqueous solution the
tris-ions and the bis-ions are easily converted one into the
other according to the reversible reactions:-
C2V 3]3' + 2H2 ° ^  [1'3n(H20)2 (C2°4)2r  + C2°t~ and
C3H2V 3]3' + 2H2° ^  [Mn(H2°) 2 (C3H2°4) 2^" + CJH Z ° t ' ‘
The equilibrium constants for both the systems have been
[104 105] -studied by spectrophotometric analysis ’ • For
oxalato complexes, the values of K = 0*0038 at 0°C* and, for
malonato complexes, IC = 0.057 at 0°C have been reported. For
the above reactions, the free energy changes are as follows:
Malonate ion, AF^y^ = 1550 Cal*,
Oxalate ion, A F ® ^  = 3020 Cal*
These data show that the third anion is rather loosely 
bound in both the cases, but more so in the malonate than in the 
oxalate. This instability of the trismalonato ion readily
accounts for the difficulty in isolating pure salts of this type,
~ 32 ~
since in a Q.1M solution, replacement of* the third malonate ion 
by water molecules may be calculated to ocdur to the extent of* 
about 52% * This is sufficient to exceed the solubility 
product of the potassium bismalonato salt by a factor of three.
At the same concentration the trisoxalato complex is only about 
18% converted and is thus readily isolable ^
(a) Preparation of Oxalatomanganese(III) Complexes
Potassium trisoxalatomanganese(III), [Mn(CpO^).3H^0,
has been prepared^ . The salt, along with some colourless
crystals, is obtained by adding alcohol to the cold filtrate
obtained by suspending freshly prepared manganese(IV) oxide,
in finely chopped ice and adding slowly to this mixture,
P T iO ^ "1
powdered potassium hydrogenoxalate „ A pure sample of the
trisoxalato complex can be prepared by reducing potassium 
permanganate with oxalic acid to manganese(II) and then 
oxidising this to manganese(III) by the addition of potassium 
permanganate, together with enough potassium carbonate to 
satisfy the equation:-
5H2C204+KI*i04+K2C0 = K3[Mn(C204)3]+5Ha0+C02
The complex may be crystallised from ethanol. Very pure 
samples keep well even at 20°C if protected from light, and 
no decomposition is apparent after a storage for a year or more 
at -6°C. With hexamminecobalt(III) chloride, [Co(NH^)g]Cl^, 
in aqueous solution at low temperature, the complex yields,
r i o 4 i[Co(NBL) /-] [Mn(Co0, ) 0] .xHo0 . Magnetic measurement on the
3 o 2 ft 3 “ r i c  ^  1
trisoxalato complex, K^CMnCC^O^) .311^ 0, gave = ^*88 B.M,
33 -
Attempts were made to prepare bisoxalatodiaquonanganese(III)
complexes, but without success but similar experiments with
maionic acid yielded the bisaalonatodiaquonnanganese(III)
[ n o ]
complex o■ It was found that when a cold solution of sodium
tetroxalate was treated with manganese(IV) oxide, an impure green 
material was obtained* The product was unstable, turning 
yellowish-brown, and decomposing before it could be isolated for 
analysis* But by analogy with the green sodium bismalonatodiaquo- 
manganese(III) complex it was concluded that the unstable product
I
was the corresponding oxalato-complex, Hydrogen bisoxalato- 
diaquomanganese(III) was obtained by treating manganese(III) 
hydroxide with powdered oxalic acid in an ice mixture with 
exclusion of light, when this solution was treated with alkali 
and organic bases, such as pyridine or quinoline, trisoxalato- 
complexes were obtained. For example, with quinoline a very 
unstable black compound, (^H^N^H^ClJhCCgO^J^jaq* formed.
The conversion of the green diaquo-sait into the red trisoxalato- 
complex, and the reverse procedure, was attained by varying the 
hydrogen ion concentratinn. At high hydrogen-ion concentration, 
the tendency Is to form the diaquo-salt, i.e., the trisoxalato- 
complex is hydrolysed, thus replacing a oxalate group by two 
water molecules. At low hydrogen-ion concentration, In the 
presence of sodium oxalate, the tendency is to form the red 
trisoxalato s a l t ^ 0^ .  • Potassium bisoxalatodiaquomanganese(III) , 
K[Mn(H20)2(C 0^)g].3H20 and the partially dehydrated salt,
K[Mn(Ho0)D(C 0,)0], have been isolated in pure state. For the
d  dk d> * £  d
preparation of the hydrated salt, the following reaction Is 
carried out at controlled, low temperatures,
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4H2C2°4 + KMn04 = K[Mn(H20)2(C2°4)2] + C02 + 2H2°»
ethanol will then precipitate the salt from the dark red
[1041solution. The salt occurs in two isomeric solid forms
It has been shown from an infrared study that the yellow form
has a trans-structure and the green form has a eis 
r 1111
configuration . To prepare the complex, K[Mn(H,>0) 2^ 2^ ^  2  ^*
water is excluded from the system as far as possible.
(b) Preparation of Malonatomanganese(III) Complexes 
Corresponding malonato-corapiexes were prepared using 
manganese(III) hydroxide or manganese(IV) oxide as the source 
of manganese. But the procedures gave impure products in many 
instances, and the isolation of potassium bismalonatodiaquo-
_ m o ]
manganese(ill) in a form suitable for analysis was not reported
If malonic acid, manganese(III) hydroxide and some
ethanol are mixed together an olive-green mush is obtained
from which, after washing with ethanol and drying in vacuo, a
dark green powder, which is quite stable to air and light, is
obtained. It could not be obtained entirely free from
manganese(IV) oxide but analyses, its acid reaction and the
subsequent preparation of salts from it, left no doubt that it
was possibly hydrogen bismalonatodiaquomanganese(III),
H[Mn(Hr.G) 0 (CoH o0, ) 0] . Salts of this acid were prepared by2 2 3 2 ^ 2  jj
olX’VjxIk.
treating concentrated, warm solutions of sodA%im hydrogen 
malonate with manganese(III) hydroxide. Ruby-red solutions 
were formed, from which, upon cooling or concentrating in a 
desiccator, colourless crystals of malonic acid and its alkali 
salt as well as green crystals separated out and these green
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crystals could be considerably purified by rubbing them with 
a little cold water.
The lithium (3H20), sodium (311^0), ammonium, potassium, 
rubidium, thallium (1H2Q), guanidine and pyridine salts were
prepared. All of them are green complexes which are stable in
, _. , .[110]axr and Ixgnt •
; Potassium trismalonatomanganese(III) was first obtained 
by rubbing green hydrogen bismalonatodiaquomangamese(III) with
potassium malonate and a very small quantity of water. The
riioi ^
formula assigned was [Mn(C^H20 ^ ) . Later on, several
attempts "were made to obtain a pure sample but it was always
found to be contaminated with less-soluble bismalonatomanganese(III)
complex^"
Potassium permanganate and tartaric acid were reacted
together using the technique of Cartledge and Erichs for the
, v , [104,105]preparation of the oxalatomanganese(III) complexes •
The resulting product was a double salt with the formula,
IC[Mn(C406H2) 2] . 3MnC406H4.nH20 [ 112:1.
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(ii) AIM OF THE WORK
Meyer and Schramm^^^^ have reported bismalonatodiaquo- 
and trismalonatomanganese(III) complexes. The complexes 
obtained were not pure even though attempts to purify them were 
made* Hence, to isolate them in a pure state, it was 
necessary to search for hew preparative methods as well as to 
systematise the older, more difficult methods* It was also 
hoped to replace the coordinated water molecules in the anion,
[(CoH_0,)_(Ho0)oMn]“, by other ligands* It was hoped to , 
correlate the postulated structures by studying the infrared 
spectra, magnetic susceptibilities, over a wide range of 
temperature, and near infrared and visible spectra, which are 
not well understood for manganese(III) ion, for these complexes.
The bismalonatodiaquomanganese(111) complexes are
[103,110
easier to prepare than the trismalonatomanganese(III) complexes 
In order to investigate this difference in stability, it was 
decided to determine their stability constants using 
potentiomeiric and electrode potential measurements with a view 
.to a comparison of the stability of these complexes with other 
manganese(III) carboxylic acid complexes. The measurements 
of stability constants were also carried out for both 
manganese(11) and manganese(III) complexes with citrate and 
malate ion along with the malonate ion xn aqueous solution*
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£ S C T I O N  II
EXPERIMENTAL TECHNIQUES
(a) ANALYTICAL METHODS
(I) DETERMINATION OF MANGANESE 
For fhO determination of manganese two methods were used
(i) Back titration With Na0H0Y and Zinc sulphateCi Ci
solutions.
(ii) Iodometric Titration.
(i) Back titration with Na^BLY &nd zinc sulphate solutions■   II ■■■! I- I    H I I 1.1 mi [II     I . l . u n < i n f l  .«■ —  .ITI.WI Ig - w m
The weighed sample was transferred to a volumetric
I
flask with deionised water containing a little malonic acid 
in order to prevent disproportionation and the consequent 
precipitation of manganese(IV) oxide. A few drops of 
concentrated hydrochloric acid (A.R.) and hydrogen peroxide 
(20 volume) were added to this solution. The dissolution of 
the sample took place rapidly accompanied by the reduction of 
manganese(III) to manganese(II)„ The resxilting solution was 
diluted to the mark with deionised water.
To a 25ml. aliquot of the above solution, hydroxylammoni 
chloride (0.5g») and triethanolamine (3ml.) were added. If 
the solution was acidic, neutralisaiion was effected with using 
sodium hydroxide in the presence of methyl red. Then the 
solution was treated with excess Na^H^Y solution of known 
strength, 2ml. of buffer solution (pH = 10) and a few drops of 
Eriochrome Black T indicator. The solution was titrated 
against standard zinc sulphate solution.
N.B. In the case of the thallium compound, nitric aci d (A.R.) 
was added instead of hydrochloric acid, and ascorbic acid was 
used in place of hydroxylammonium chloride which treatment 
prevented the precipitation of thallium(I) chloride.
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[ 11% ](11) Iodometric Titration 
I n  tliis method,, the weighed sample of* the complex was 
treated with a solution of* potassium iodide (TGml., 10 per cento 
solution) acidified with sulphuric acid (3ml., 2N) and the 
liberated iodine was,titrated with standard sodium thiosulphate 
solution using starch solution as an indicator.
This method also helps in determining the oxidation 
state of manganese in the complex since the titration Is based 
on the process:- j
2Mn3 + + 21” -— 4  2Mn2+ + I2
and hence 1 g-atom of manganese is equivalent to 1 g-atom of 
iodine.
N t3 0 (a) In the case of the guanidine complex, the Na^H^Y 
method gave very low results and hence the iodometric method 
was used, which gave results in excellent agreement with those 
calculated for the complex.
(b) The method Is very useful for those Impure complexes 
in which manganese is present as both manganese(II) and 
manganese(III), Manganese(III) can be determined separately 
by this method and the total manganese, both from manganese(III) 
and manganese(II) can be determined by the Na^H^Y method as 
described above after reduction of manganese(III) to manganese(II)„ 
Thus manganese(III) and manganese(II) contents of a particular 
complex can be readily determined.
ko -
(IX) Determination of Sodium and Potassium by Means 
of the -Unicam S.F.900 Flame Spectrophotometer
For the determination of sodium or potassium in a given 
complex,calibration curves were obtained using sodium chloride 
(A.R.) and potassium chloride (A.R.) solutions. Deionised water 
was used to prepare the solutions. Attempts were always made 
to ensure that the comparable solution compositions were used 
for the calibration and for the test solutions. The weight 
of the complex was accordingly selected in such a way so that the 
readings of test solutions fell within the range of the 
calibration curve. The manganese in the complex was reduced 
to manganese(II) as described above for the Na^H^Y method. From 
the weight of the sample, the amount of manganese present in the 
test solution was calculated, and an equivalent amount of 
manganese was added in the form of manganese(II) chloride 
tetrahydrate (A.R.) to the solutions used for calibration 
purposes. The measurements were carried out in duplicate and 
showed good agreement.
During the course of the determinations, it was observed 
that it was necessary to construct a new calibration curve 
each time the instrument was used. The same calibration curve 
could not be used for all the measurements. The results and 
the operating parameters are;summarised in Tables 1 to III 
and Figures 2 and 3*
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(IXX) Determination of Water Molecules using a
Vacuum Drying Pistol
For the determination of water molecules, a sample
(0*3-0* 6g,) was placed in an aluminium foil boat and heated at
a particular temperature for about 4-6 hours under continuous
evacuation over phosphorous pentoxide. The temperature was
carefully selected in order to overcome the probleEis of partial
dehydration and of sample decomposition. A suitable temperature
could be found in each case from two or three trial runs on the
sample. (
From the loss in weight, water molecules were calculated
according to the relation
Loss in weight x molecular weight
~  —  ■ '~r     r—  - f   — - -- -— -i    - - O -  - -- |r-   --ith ,n mu r - n
18.02 x (weight of the sample-loss in weight)
(where x = number of water molecules)
An additional check was made by analysing the manganese 
content of the anhydrous residue and in most of the cases 
satisfactory results were obtained.
Using this method of dehydration seme stable anhydrous 
complexes have been prepared. And in one case it was observed 
that at a particular temperature partial dehydration took place. 
The results are summarised in Table V.
(XV) Microanalyses for Carbon, Hydrogen and Nitrogen 
These elements were determined microanalyticaliy by 
Dr. Alfred Bernhardt at the Max Plank Institute, MiiXheim,
West Germany.
(b) MAGHFTXC I^EASUREMBHTS 
The Gouy m e t h o d ^ w a s  used to measure magnetic
susceptibility.- This method consists essentially of suspending 
a cylindrical sample of a substance in a non-homogeneous magnetic 
field with the lower end in the region of maximum field and the 
upper end in a region of effectively zero field and measurement 
of the force exerted on the sample is made by a conventional 
weighing technique. The measurements were carried out over 
the temperature range 80-300°Kw.
The construction of the balance has been described
 ^ r i i 63previously . The teniperature was controlled by means of
[117]a cryostat which was very similar to one reported earlier! ^ .
The sample tube was suspended as shown in Figure 1, the 
temperature being measured by means of a thermocouple near the 
centre of the tube.
The specimen was powdered to give fairly small, roughly 
uniform particles and was carefully packed into a perspex tube 
by introducing a small quantity at a time and tapping down after 
each addition; this procedure was repeated until the specimen 
was of the required length (usually 10cm.). The anhydrous 
compounds, prepared by dehydration under vacuum, which were 
highly hygroscopic, were sealed off under vacuum in a glass 
tube. All the measurements were carried out under nitrogen 
which has negligible magnetic susceptibility.
The gram susceptibility, ' "is given by the expressions •
-y = SjSM. ..........    (1)
WH2
where g = acceleration due to gravity,
1 = length of sample
oo = change in weight on application of the field 
W = weight of sample, and H = field strength.
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A diamagnetic correction for the sample tube had to be 
made to co before it could be substituted in formula 1* Glass 
contains ferromagnetic impurities and hence the diamagnetic 
correction varies appreciably with temperature. The glass tube
was therefore calibrated over the temperature range studied.
For the perspex tube, the calibration was not carried out over 
the temperature range studied, as the diamagnetic correction 
does not vary appreciably with temperature. The gram 
susceptibility was multiplied by the molecular weight to give 
the molar susceptibility, ^
the diamagnetism of the ligands and cations using Pascal*s 
constants^ give the corrected molar susceptibility
The effective magnetic moment, was then calculated from
the formula:-
Heff = 2.84 /% axT f
where T = absolute temperature (°K).
(e) INFRARED MEASUREMENTS
Infrared spectra of the samples were initially recorded 
using nujol and hexachlorobutadiene mulls between sodium 
chloride plates over the range 5*000-650 using a
Unicam S.P.200 spectrophotometer. However, all the data quoted 
here were obtained from spectra recorded as mulls between 
potassium bromide plates over the range 4,000-400 Cm.^ obtained 
from a Grubb-Parsons Spectromaster,
^ , and a correction was applxjea for
(d) VISIBLE AND NEAR-INFRARED SPECTRAL MEASUREMENTS 
Visible and near-infrared spectra were obtained by 
a reflectance technique using Unicam S.P.50Q, S.P.700, and
— IBeckman D.K.2 spectrophotometers in the range 23,500-7000 Cm. 
The spectra obtained using the S.P.500 were of diluted samples 
with lithium fluoride in a 1:1 proportion. Lithium fluoride 
was used as the reference material. The sample and the 
reference materials were covered by matched silica windows. 
Magnesium carbonate could not be used as a diluent because its 
basic properties hastened the decomposition of the compoxinds.
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E C T 1 0 N
EXPERIMENTAL
As discussed in the introduction (see pages 35 and 36),
■the methods of Meyer and Schramra^^^ for the preparation of
malonatomanganese(III) complexes gave impure products, even if
attempts to purify them are made. And hence new methods have
been developed for the preparation of these complexes.. And
by these methods, all the complexes mentioned by Meyer and 
m o i
Schramm were isolated in a pure state except hydrogen
bismalonatodiaquomanganese(III) and some eight new complexes 
were also isolated in a pure state.
The methods used for the preparation of the complexesl are 
categorised below:-
METHOD A
The preparation of complexes from hydrogen bismalonato- 
diaquomanganese(III) of approximate composition,
H[Mn(HgO) g (C^HrjG^) 2  ^* ^ HgO. complexes prepared in this
way are:-
Cs[Mq(H20)2(C3H204)2] ,
T1[JMH20)2(C3H204)2] ,
CH6N3[Mn(H20)2(C3H20 p 2]
(a) The Preparation of Hydrogen Bismalonatodiaquomanganese(III 
!Lfe(H20I3lC3H20^ 22 ^ 20
Finely powdered potassium permanganate (A.R., 6g.) was 
added to a solution of wafer (40ml.) and ethanol (10ml.). The
mixture was shaken and then carefully warmed. After the
vigorous reaction has subsided, the mixture was warmed
repeatedly in order to expel excess ethanol and aldehyde. The
mixture of manganese(XV) oxide and potassium hydroxide thus 
obtained, was added to hot water and the mixture well stirred. 
The solution was then decanted. This process was repeated 
three or four times. Finally the precipitates were collected 
on a Buchner funnel and washed with hot water to remove 
potassium hydroxide.
Manganese(IV) oxide, obtained from two consecutive 
reactions, was rubbed, when still wet, with malonic'• acid 
(H.G., 25g.) in the presence of ethanol (••10ml.) in a mortar. 
On rubbing manganese(IV) oxide reacted with malonic aci<jl with 
the evolution of carbon dioxide, and after some time the 
separation of a green precipitate took place. The thick 
liquid along with the precipitate was transferred to a beaker 
and a little more ethanol ("•15ml,) was added and after further 
rubbing, more precipitation took place. The precipitate was 
collected on a sintered-glass crucible, washed with ethanol 
and ether and dried in vacuo (phosphorus pentoxide) for one 
hour.
The free acid was added to water (75ial.) containing 
a little malonic acid (~1.0g.) and the solution mechanically 
stirred and then filtered through a sintered glass crucible. 
Ice-cold ethanol (250ml.) was added to the filtrate and the 
mixture was placed in an ice bath for about an hour. The 
green crystals deposited were collected, washed and dried as 
described above.
The preparation of the acid was repeated several 
times in order to obtain consistent results, but the results
obtained were different, even though the preparations and 
recrystallisations were carried out under identical conditions. 
The analytical figures obtained for the various samples 
prepared are given below.
Calcd. for H[Mn(H20) 2(C H ^ )  2] . iHgO: 1*1,1 %.9 ; C,19.6 ; H,4.7 %,
Found (from the analysis of several samples): Mn, 15.5,14.4,15.15 
18.lie,19.7,19.4,19.5,20.7% H,3.8,3.7,3.6 ,3.2%.
Thus the approximate composition of the green material 
is, H[Mn(H20)2(C3H204)2].4H20.
The free acid was used as a starting material to( 
prepare ihe other Complexes mentioned. For this purpose, the 
free acid was added to water (70ml.) containing a little 
nialonic acid (~1.0g.) and the mixture was mechanically stirred 
and then filtered through a sintered glass crucible. The 
filtrate obtained, which was used to prepare Other complexes, 
is referred to here as the preparative solution.
(b) The Caesium Salt
Caesium sulphate (K„G.,13g.) was dissolved in water 
(20ml.) and the solution was filtered. The filtrate was 
added to the preparative solution (50ml.) and the solution was 
shaken whereby green crystals separated out. The crystals 
were collected On a sintered glass crucible, washed with 
ethanol and ether and then dried in vacuo (phosphorus pentoxide) 
for one hour.
Calcd. for Cs[Mn(H20) 2^C^H2°l^ 2] : Mn+12.8; C,l6.8 ;
Found : Mm,12.5; C,17.3> H,2.1%.
It is necessary to dry the crystals well, as the manganese 
complexes decompose rapidly if not scrupulously freed from 
moisture and the organic solvents.
The drying process mentioned in the case of the caesium 
salt is satisfactory and hence this process was followed for 
other complexes.
(c) The Thallium; Salt
Thallium(X) nitrate was added to the preparative 
solution (75ml.) and the solution was placed in an ice bath 
and shaken repeatedly. As thallium(I) nitrate dissolved, al 
green substance started to separate out. When the dissolution 
of thallium(I) nitrate was complete the green substance was 
collected, washed and dried as described in the case of 
caesium salt.
Calcd. for Tl[Mn(H20) 2(0 ^ 0 ^ )  : Fin, 11.0 ; C,l4.4; H,1.6%.
Found : Mn,ll„0 ; C,l4.8; H,1.7%.
^^) The Reaction with Guanidine Hydrochloride
A concentrated solution of guanidine hydrochloride 
was prepared in ethanol (~200ml«), filtered, and the filtrate 
placed In an ice bath. The preparative solution (70ml.) was 
added to the filtrate and the mixture was shaken when, almost 
immediately, yellowish-green crystals started to separate out.
The solution was left for some time in an ice bath. The 
crystals were collected, washed and dried as described above. 
Calcd. for C H ^  [Mn (H2Q) 2 ( ) 2 ] : Mn,15.5; 0,23.7; H,4.0| N, 11
Found ' : Mel, 15.3; C,23.6; 11,3.8; N,1X
METHOD B
Complexes were isolated from a solution obtained by 
the oxidation of manganese(IX) by permanganate according to 
the reaction,
4Mn2+ + MnO^ T + 8H+ = 5Mn3 + + kVi^ O
The complexes isolated were;
(a) K[Ifa(H20)2(C3H204)2].2H20 <
(b) Na[Mn(H20)2(C3H204)2].2H20,
(c) Li[Mn(H20)2 (C3H204)2].3H20 , and
(d) NH4[Mn(H20)2 (C3H204)2]. I
(a) The Potassium Salt
The reaction mentioned above was carried out in the 
presence of potassium malonate and a little malonic acid. 
Potassium malonate was prepared in solution by the neutralisa­
tion of potassium carbonate (A.R.) with malonic acid. The 
reactions were carried out according to the stoichiometry of 
the following equations:
(X) c3h2o4 + k2co3 = c3Hao4xa + h20 + C02 ,
(ii) 4MnS04 + KMnOt + 4H2S(>4 + 15C =
5K3[Mn(C3H204)3] + 8K2S04 +
An excess of malonic acid was used to prevent the 
decomposition of the complex formed in solution. For example 
to prepare 27.038g. (0.15 mole.) potassium malonate, 
I5.6lg.(0.15 mole.) of malonic acid is required but instead of 
this, 17*6lg. malonic acid was used.
Malonic acid (17.6lg.) was dissolved in water (300ml.) 
in a beaker (1 litre). Po^ssinm carbonate (20.73g-? 0.15 niol
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vr&s added slowly with stirring to this solution. When the 
addition and dissolution of potassium carbonate was complete, the 
solution was stirred for some time. To the resulting solution, 
manganese(II) sulphate tetrahydrate (A.R., 8.923g*} 0.04 mole.) 
and sulphuric acid (A.R., 3#923g.? 0.0^ mole.) were added and 
the solution was stirred for some time. Finally potassium 
permanganate (I.5804g., 0.01 mole.) was added, and the solution
was stirred. The resulting dark red solution was filtered
through a sintered glass crucible. The filtrate was placed 
in an ice bath for about an hour when glittering green crystals 
separated out. The crystals were collected on a sintered 
glass crucible and washed with Ice cold ethanol (50%)? ice 
Cold ethanol and finally with ice cold ether and then dried' as 
described above.
N.B. The required amount of sulphuric acid was obtained by 
the addition of sulphuric acid solution of known strength.
Calcd. for K[Mn(H20)2(C HgO^)g].2H20 : Mh,l4.8; K,10.6; C,19.55H,3*3%
Found; Mn,l4.8; K,10.5; C,19.9;H,3-4%
(b) The Sodium Salt
The procedure used for the preparation of this complex 
was the same as that used for the potassium salt, but
(i) malonic acid was neutralised by sodium carbonate (A..R.),
(ii) the oxidation was carried out with sodium 
permanganate (R.G.),
(iii) the volume of the solution was kept to about 400mlo, 
instead of 300*^1.? in order to prevent the crystallisation of
sodium malonate along -with the complex which is less soluble 
than the potassium malonate.
and (iv) the dark red filtrate was placed in a refrigerator
for several days in order to obtain dark green crystals.
Calcd. for Na[Mn(H20)2(C^H^O^)g].2H20 : Mn,15.5; Na,6.5; 0,20.4; H,3.4
Found : Mh,15.4; Na,6.6 ; C,20.2; H, 3.5
(c) The Lithium Salt
In the case of the lithium and ammonium salts, oxidation 
was carried out with potassium permanganate as in the case of 
the potassium salt. In comparison to potassium ion, the
concentration of lithium ion or ammonium ion was very large and
hence it was observed that there was no contamination by the 
potassium salt, and the lithium and ammonium salts obtained 
were quite pure.
The procedure used to prepare the lithium complex was 
the same as described for the potassium salt, but
(i) malonic acid was neutralised by lithium carbonate (R.G.),
(ii) the reaction carried out was equivalent to,
4MnS0^ + KMnO^ + 4H2SO^ + 15C H ^ L i g  »
5Li3[Mn(C3H204)3] + 7X^30^ + LiKSG^ + tegO,
(iii) the volume of the solution was kept to about 100ml. 
instead of to 300ml., as the lithium complex is more soluble 
than the corresponding potassium one,
and (iv) the dark red filtrate was placed in an ice bath 
when, after about an hour, green crystals separated out which 
were collected and washed with ethanol (70%), ethanol, and ether.
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Calcd. for Li[Mn(H20) 2 (C^K,^) . 3H20 : Mhr15.4; C,20.2; H,4.0%.
Found : Mn,15.4; C,20.0; H,4*0#.
(d) The Ammonium Salt
For this salt, the procedure used for the potassium 
complex was adopted. Ammonium malonate was prepared in 
solution. Malonic acid (15*6lg., 0.15 mole.) was dissolved in 
water (60ml.). Concentrated ammonia was added slowly from a 
burette until the solution was of pH 7* Again, a little 
malonic acid was added to this solution to make it acidic ayid 
in order to prevent the decomposition of the complex. The 
rest of the procedure was the same as that adopted for potassium 
salt.
The yellowish green crystals obtained were collected, 
washed with ethanol (80%), ethanol, and ether.
Calcd. for NH4[Mn(H20)2(C3H204)2]: Mnf17.5? C,23.0 5; H,3.9#.
Found : Mn,X7o5; C,23.7; N, k. 2; H, A.1&
Only bismalonato complexes were isolated from these 
reactions even though, in every case, the stoichiometric 
quantities necessary to produce the triscomplexes through the 
reaction,
4i*iSCZi + KMnO^ + 4H2S04 + =
5M*[Mn(C3H204)3] + 7M2S04 + lAlSC^ + 4H2<5, 
were used.
The potassium and sodium bismalonatodiaquomanganese(III) 
complexes could be smoothly dehydrated to give the 
corresponding bismalonato complexes in an anhydrous state.
(a) The Preparation of K[Mn(C H„0^)^]
i£[Mn(H20) 2 (C^H^O^) . 2HgO was heated at 80-$5°C for 
six hours under continuous evacuation over phosphorous pentoxide 
in a drying pistol to constant weight. A weight loss 
corresponding to four water molecules took place to leave a brown 
hygroscopic nateric, K[Mn(C^H^O^)*
Calcd. for K[Mn(C^H20^>2]: Mn,l8.4; 11,13.1; C,24.2; H,1.4#
Found : Mn,l8.3» &»13*0; C,23«4; H,1.8%
(b) The Preparation of Na [Mn( C^H^Q,, ) ^ ]
In a similar way, when NafMnCHgO)2 (C^HgO^)2].SHgO|was 
heated at 95-102°C, loss in weight took place corresponding to 
four water molecules leaving a brown hygroscopic material, 
NaEMn(C3H204)2].
Calcd. for NaCMnCC^HgO^): Mn,19.5; Na,8.1; C,25*6; H,l»4#«
Found : Mn,X9.7; Na,8.1 ; C,24.7; H,1.5#.
METHOD C
In this method complexes were prepared from potassium 
bismalonatodiaquomanganese(III), K[Mn(Ho0)0(C0H 0,) ].2Ho0.C* C* J Ca He Cl cL
The complexes prepared were:
(a) Rb[Mn(H20)2( C H 204 )2],
(b> C(CH3)4N][Mn(H20)2{C3H204)2],
(c) [<C.2H5)4N][Mn(H20)2(C3H204)2],
(d) [C5H6N][Mn(H20 )2(C3H204)2] .2^ 0 , 
and (e) [ ( CH2 ) ] [Mn(H20) a ( C ^ O ^
(a) The Rubidium Complex
The potassium complex was slowly added, with stirring, 
to water (80ml.) containing a little malonic acid (~1. Og.). When
some undissolved potassium salt remained, the addition of the 
salt was halted and the solution was filtered through a sintered 
glass crucible. The filtrate obtained was used to prepare other 
complexes and will be referred to here as the preparative 
solution.
An excess of rubidium sulphate (R.G.) was added to the 
preparative solution. The solution was filtered through a 
sintered glass crucible and, from the filtrate, brownish-green 
crystals separated out. The crystals were collected, washed 
with ethanol and ether, and dried as usual. (
Calcd. for Rb[Mn(H20)2(C3H20jrt)23 : Mn,l4.4; C,l3.9; H,2.1#.
Found : Mn,14.35 C,l8.7; H,2.2#.
(k) The Tetramethy1ammonium Complex
An excess of tetramethylammonium chloride (R.G.) was 
dissolved in the preparative solution (lOGml.). Dark green, 
needle-shaped, light crystals separated out immediately. The 
solution was placed, for some time, in an ice bath, and the 
crystals were collected, washed, and dried as usual.
Calcd. for [(C^J^NlCMnCHgOgCC^^)^ : Mn,l4.7; C,32.5; 11,5.55^,3.8#
Found : Mn,l4.9? C,32.6 ; H r5.6 5 N, 4,0#
(c) The Tetraethylammoniura Complex
An excess of tetraethylammonium chloride (R.G.) was 
dissolved in the preparative solution (80ml.) when a 
yellowish-green product separated out which was collected, 
washed, and dried as usual.
Calcd. for [<C2H5)4N][lta(H20)2(C3H204)2] : Mn,12.9; C,39.6 ;H,6.7
Found : Mn,12.6; C, 40.3 >H,6.8 ; N,3.6$
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The salt was completely dehydrated at 88-91°C in the 
manner described earlier to give a brown and highly hygroscopic 
material, [ ( C ^ )^N] [Mn(C H ^ )  2] .
Calcd. for [ (CgH )^N] [ M n ^ H g O ^ ]  : Mn, 14.2 ; C, 43.3 ;H, 6. 2 ;N, 3.6%
Found s Mn,13.9;C,41.1;H,6.7;N,4.2# 
Attempts were made to isolate a silver salt by the 
addition of silver nitrate (solid, A.R.) to the preparative 
solution. Green crystals were obtained but they were 
contaminated with some white crystals, presumably silver 
malonate, and hence the salt was not further examined.
Complexes (d) and (e) were obtained when attempts were 
made to replace co-ordinated water molecules by pyridine and 
ethylene di amxn e.
(d) The Pyridinium Complex
The potassium salt (7*49g«, 0,02 mole) was added to 
water (80ml.) containing malonic acid. After the addition 
of pyridine (A.R., 6„3ml., 0.08 mole.), the solution was 
stirred. The dark red solution was filtered through a 
sintered glass crucible and the filtrate was concentrated 
in an evaporating dish over phosphorous pentoxide under 
continuous evacuation whereby pale green crystals were 
deposited. The crystals were collected and washed with 
ethanol (65#), ethanol and finally with ether and dried as 
usual. The crystalline product was pale green, but when 
finely divided it appeared to be a yellowish powder.
B. If, on the addition of pyridine, a brown precipitate 
was formed then more malonic acid was added whereby on
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dissolution of tlie acid a dark red solution was obtained,
Calcd. for [C^HgN][Mn(H20)2<C HgO^)2].2H20 : Mn,13.4;C,32.1;H,4.4;
N,3.4%
Found : Mn,13.3 IC,32.1;H,4.8 ;
N,3.7%
The absence of potassium ion was demonstrated by flame 
spectrophotometry.,
(e) The Monoprotonatedethylenediamine Complex
The potassium salt (3.7g», G. 01 mole.) was added to 
water (60q1.) containing a little malonic acid* The sollution 
was stirred and ethylenediamine (R.G., 1.2ml., 0.02 mole.) was 
added. A brown solid precipitated. Further malonic acid was 
added until the precipitate dissolved to give a dark red solution, 
which was filtered and concentrated as described in the case 
of the pyridinium salt. Green crystals separated which were 
collected, washed with ethanol (60%), ethanol and finally with 
ether' and dried as usual.
Calcd. for (CH2)2NH2NH3[^i(H20)2(C3H20Zi)2].2H20.C3H404 :
Mn, !1.1;C,26.6;H,5„!?N,5.7%
Found: Mn,ll.l;C,26.6;H,5#1»N,6.2%.
The absence of potassium salt was demonstrated by flame 
spectrophotometry.
The complexes (a) to (c) can be prepared as 
conveniently using the preparative solution mentioned in 
METHOD A. A successful attempt was made to prepare the 
pyridinium salt (d) from the preparative solution used in 
METHOD A with pyridinium hydrochloride as a so^irce of pyridinium 
ions .
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METHOD D
The preparation of potassium trismalonatonanganese(XII),
K3 [Mol( C3H2 04) 3 ] . 3H 2 0
Potassium bismalonatodiaquomanganese(XII) dihydrate 
(1 5g«) added in small quantities, with stirring, to a
|
concentrated solution of potassium malonate (23%) containing malonic aac:
A.
(2%) in water (200ml.), The solution obtained was deep red 
in colour. The solution was filtered and, to the filtrate, 
an excess of ice cold ethanol was added with constant shading 
in a separatory funnel when a deep-red, highly viscous layer 
settled. The viscous solution so obtained was separated out 
and kept in an evaporating dish at low temperature in a 
vacuum desiccator over phosphorous pentoxide. On concentration, 
the solution deposited deep red crystals which were separated, 
washed with a mixture of ethanol and water, ethanol and finally 
with ether and dried as usual.
!
Calcd. for )^] *3^ 0 : Mn, 10.3 ;K, 22.0 ;C, 20.3 ;H, 2.3%.
Found : Mn,1 0 .k ;K,2 2 .3»C,21.6 ;H,2 .2%,
oThe partial dehydration of this complex at 100 C for six 
hours under continuous evacuation over phosphorous pentoxide to 
constant weight, produced a red monohydrate, K [Mn(CoH o0.)0],Ho0.
J  J  Cl lT£. J  Cl
Calcd. for K ^ M n C C ^ O ^ )  .H?Q sMn, 11.1 ;K, 23.6 ; C, 21.8 ;H, 1. 6%
Found : Mn,11.1;K,23.7;C,22.7;H,1.3%*
An attempt was also made to prepare the corresponding 
sodium salt in the crystalline state, but as mentioned by j
Meyer and Schramra^'*'^, if was found to be more soluble than 
the corresponding potassium salt and hence crystallisation was
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more difficult. However, in this case also, a deep-red, 
viscous solution was obtained by the addition of alcohol in th 
same manner as described above, but no crystalline solid 
was obtained on evaporation under reduced pressure and low 
temperature.
METHOD E
Preparation of the partially dehydrated potassium complex, 
K[Mn(H30)2(C3H 204)g]Cl03]
This compound was prepared by the reaction of j 
stoichiometric quantities of potassium permanganate and 
malonic acid in methanol. ' One-hundredth of a mole potassium 
permanganate (l„5 8 g., 0 . 0 1  mole.) and malonic acid (2o60go , 
0 * 0 2 5 molSo) were shaken with methanol (1 5 0ml„). A crop of 
ol ive-green crystals formed in a few minutes,, but it was 
necessary to allow the mixture to stand for about three days 
at low temperature to complete the reaction. The crystals 
were collected, washed with methanol and dried as usual.
Calcd. for K[Mn(H20 ) ^ C ^ O ^ ) : Mn, l6.4;K, 11.7 ?C, 21.6 ;H, 2 ak%
Found : Mn,16.8 ;K,1 1 . 5 2 4 * 6 ;E,2 .2%
For most of the complexes, water was determined and 
the results are summarised in Table V.
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(a) DETERMINATION C F SODIUM AND POTASSIUM BY FLAME
SPECTROPHOTOMETER
TABLE I
K[Mn(H20)2L2].2H20
OPERATING PARAMETERS: 
Slit Width: 0.35k**£.
Wave length: 7 6 6 06m|j,.
Filter : 4.
Galvo Zaro Coarse i 
Galvo Zero Fine 
Air Pressure 
Manometer
8,
2*
x ? ; o  P . B . X .
5,0 Cm„
CONCENTRATION
(ppm)
90.0
80,0
70,0
T c:e *-» •
60„0
50,0
T.S.
**0,0
GALVANOMETER
DEFLECTION
39 c 8
79.0 
70,C
65.0 
60.0 
45.8 
37.0 
31-0
T.S. = Test Solution.
K[MnL2]
OPERATING PARAMETERS: 
Slit Width: 0.398mm.
Wavelength: 7 6 6 .5mp,.
Filter : 4.
CONCENTRATION
(ppm)
80.0 
70.0
T.S.
60.0 
50.0
T.S.
40.0
30.0
Galvo Zero Coarse
Galvo Zero Fine
Air Pressure
Manometer
GALVANOMETER
DEFLECTION
91.2
82.5
77.0
73.2
63.0
57.0
51.8
39.2
K[Mn(H20)2L2]
OPERATING PARAMETERS: 
Slit Width: OjOBmm.
Wavelength: 7 6 6 .5e*|j,.
Filter : 4.
CONCENTRATION
(Ppm)
80.0 
70.0
T.S.
60.0 
50.0
T.S.
40.0
30.0
GALVANOMETER
DEFLECTION
8o. 8
72.0
65.0 
61.3. 
51.3 
44. 2
40.0
28.0
8.
Betn. 0 and 2 
21.3 P.S.I.
5.0 Cm.
Galvo Zero Coarse i 8 . 
Galvo Zero Fine 
Air Pressure 
Manometer
Betn. 1 and 3 
21.8 P.S.I, 
5.0 Cm,
O
O
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O
O
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TABLE III
Na[Mn(H20)2L2] 2H2°
OPERATING PARAMETERS: 
Slit Width: 0,07mm* 
Wavelength: 589.Omia• 
Filter : 3.
CONCENTRATION
( PPE)
60.0 
50*0
T.S,
40.0 
30*0
NaCMnLg]
OPERATING PARAMETERS: 
Slit Width: 0.021mm. 
Wavelength: 5&9*Omjj,. 
Filter : 3»
CONCENTRATION 
( PP^)
Bo. 0
70.0 
60* 0
T.S.
50,0
T.S.
40.0
30.0
Galvo Zero Coarse:
Air Pressure :
Manometer :
GALVANOMETER
DEFLECTION
83.8 
76.0
73.0
69.0
61.0
Galvo Zero Coarse 
Galvo Zero Fine 
Air Pressure 
Manometer
GALVANOMETER
DEFLECTION
90.8
83.5
75-0
70.5
66.6
60.2
57.5
47.8
7.
21.0 P.S.I.
14.0 Cm.
7.
Betn* 7and 9
24.0 P.S.I* 
5.6 Cm.
TABLE IV 
K3[MnL3].3H20
OPERATING PARAMETERS:
Slit Width: 0.398mm. 
Wavelength: 766.5 rap.
Filter : 4.
CONCENTRATION
(PPm)
80.0
70.0
T.S.
60.0
50.0
T.S.
40.0
30.0
.. K [MnL j.HgO
OPERATING PARAMETERS:
Slit Width: 0.13mm.
Wavelength: 766. 5m|i.
Filter : 4.
CONCENTRATION
(ppm)
80.0
70.0
T.S.
6o , o
50.0 
T.S.
40.0
30.0
Galvo Zero Coarse:
Galvo Zero Fine :
Air Pressure :
Manometer :
GALVANOMETER
DEFLECTION
95.1
86.0
82.5
76.0
65.0
60.8
52.8
39.2
Galvo Zero Coarse
Galvo Zero Fine
Air Pressure
Manometer
GALVANOMETER
DEFLECTION
89.0
80.8 
77.7
71.5
61.0
52.0
50.2
37.2
8.
Betn. 0 and 2. 
21.3 P.S.I,
5.0 Cm.
8.
Betn. 0 and 2.
21.3 P.S.I.
5.0 Cm,
rf
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TABLE V 
DEHYDRATION OF THE COMPLEXES
r ' ' ' ------- -----  ' ..... "*i
Complex
Decompo­
sition
tempera­
ture
°c
Water
Molecules
-.....
Mn, % from 
Residue
Calc. Expt. Calc. Expt.
(1) NH4[Mn(H20)2L2] 95-96 2.0 1.995 19.8 19.4
(2) Li[Mn(H20)2L2].3H20 102-104 5-0 5.051 20.6 20.5
(3) Na[Mn(H20)2L2].2H20 95-102 4.0 4.354 19.5 19-7
W  K[Mn(H20)2L2].2H20 80-95 4.0 4.1?6 18.4 18.3
1
(5) Eb[Ua(H,0) L ] 99-104 2.0 2.096 15.9 15.8
(6) Cs[I>5ji(H20)2L23 97.0 2.0 1.924 14.0 . 13.7
(7) Tl[Rn(H20)2L2] 90-92 2.0 2.055 11.9 11.9
(8) He4N[Mn(H20)2L2] 99-103 2.0 2.389 16.5 16.2
(9) Et4M[I*i(H20)2L2] Co CO 1 H 2.0 2.191 14.2 13.9
(10) PyH[Mn(H20)2L2].2H20 42-4-5 4.0 4.127 l6. 2 15 - 9
(11) CH6N3Cl&i(H20)2L2] 99-101 2.0 2.106 - -
(12) EnH[Ma(H20)2L2].2H20.C3H404 54-55 4.0 3.904 12.9 12.9
(13) K [MnL ].3H20* 95-102 3-0 2.0 11.1 11.1
Only two water molecules were lost under these conditions 
and this result was confirmed from the analysis of the residue 
which corresponded to a monohydrate.
(b) PREPARATIVE METHODS 
[110]Meyer and Schramm have described, the preparation
of a series of salts of the trismalonat manganese(XII) and
bismalonatodiaquomanganese(III) ions from materials purported
to be hydrogen bismalonatodiaquomanganese(III) monohydrate
or the partially dehydrated salt, H[Mn(H^0)^(C^H^O^), and
manganese(III) hydroxide, respectively. Apart from a
lithium salt, Li[Mn(H20 ) ^ (C^H^O^) .311^ 0, the analytical
[103]results were poor and other workers , repeating the
preparative method for potassium trismalonatomanganese(III), 
L[Mn(C Ho0, ) ], failed to obtain a material free from tliej J edi fc J
less soluble bismalonatodiaquomanganese(III) salt. However,
in the present work some bismalonatodiaquomanganese(III)
1salts of a general formula M [Mn^gO)^
(where = Cs + , Tl+ or CH^N^+, n = 0) , were isolated in 
pure state from F^linCH^O)^(C^H^O^)^].xH^O, (see Experimental 
Section, Method A) although the starting material itself could 
not be fully characterised and the reported preparative 
methods required modification.
Srivastav£*^'^ prepared a pure sample of trismalonato­
manganese (III) trihydrate, K [Mn(C H^O^),,].!!^® From a
r i 2 o imanganese(III) alum and potassium malonate. Christiansen 
had earlier used an analogous method for the preparation of 
the trisoxalato -complex. The same maIonato compound, 
E^[I*ki(C^HgO^) ].3HgO was conveniently prepared in the present 
work from the corresponding bis-compound, KfMcKH^O) ^  
by reaction with potassium malonate (see Experimental Section,
Method D) . Furthermore, the partial dehydration of* the 
trismalonato-complex gave a stable monohydrate, K [Mn(C3H204)3].H2 
The partial dehydration indicates that the water molecule left 
is held strongly since the metal atom is already six-coordinate 
if* the malonate ion functions as a bidentate ligand and it is 
not considered that the water molecule is coordinated to the 
metal* Nyholm and T u r c o ^ ^  have also observed such partial 
dehydration for the 2,21-bipyridyl 1,1-dioxide complexes, 
[Mn(bipy02)^] (S^Og) 1 and [MnCbipyOg) ] (CXO^) .3H20, from
attempts to prepare the corresponding anhydrous compounds*
n a n
It is well known that the quantitative oxidation
of manganese(II) by potassium permanganate produces 
manganese (III) through the reaction:--.
4Mh2+ + M n O ^  + 8H+ = 5Mn3+ + 4H2Q
The manganese(III) so produced could be used, first, as a
volumetric oxidising a g e n t a n d ,  secondly, to prepare
r 72 S's")
manganese (III) complexes1- * * The preparative use of
this reaction was extended in the present work (see Experimental 
Section, Method B) to the bismalonatodiaquomanganese(III) salts, 
of general formula, M1[Mn(H20) 2<C3H2CV  2] *nH20 (where, if M1 = K+ 
or Na+, n = 2; if M1 = Li+, n = 3? and if M1 = NH^+, n = 0).
It is of interest to note that although the ratio Mil (III) : C^H^O 
was 1:3 in the reaction mixtures only the bismalonatodiaquo-
r no]manganese(III) complexes were isolated. . Meyer and Schramm 
were unable to isolate the potassium salt. Cartledge and 
Ericks isolated the potassium salt for the first time in
a pure state by reacting stoichiometric proportions of potassium
t£- 
E0
permanganate and malonic acid according to the equation 
5H2C(CQGH)2 + SKMnO^ = 2K[Mn(H20) 2 ( C ^ O ^ )  2] + 3C02 + 2H20 
Cartledge and Nichols modified this method and prepared
the salt in a good yield and in a much shorter time, but this 
method is more tedious and needs to be more carefully controlled 
than the method described here involving the oxidation of 
manganese(II) by potassium permanganate (see Experimental 
Section, Method B).
r 221It has been pointed out that complex ions, including
some which are not found in appreciable concentration i n .solution, 
can often be stabilized in a crystal lattice providing that the 
energetics of formation of the complex ion from solvated species 
is not too unfavourable, A good guide to a suitable counter-ion 
is the rule that the lattice energy usually is largest for ions 
of equal and opposite charge. This approach has been used
r 1 2 2 1by Gill and Nyholm who have isolated stable compounds
containing such ions as the tetrahalonickelate(II) ions,
r 1 2 3 1Similarly, Mori has prepared a number of chlorocuparates
by stabilizing the complex anions in a lattice with the
r 12 h-1
hexaaominechromium(III) cation. It has been also pointed out 
that the solubility of the bismalonatodiaquomanganese(III) 
complexes decreases from lithium to caesium.
The above considerations made it possible to prepare 
malonato-salts with other monovalent cations. The potassium 
salt was converted by metathetic reactions (see Experimental 
Section, Method C) into the corresponding salts of other 
monovalent cations (where if M^ = (CH^)^N+, (C2H^)^N+, or Rb+,n = 0 .
Hydrogen bismalonatodiaquomanganese(III) could also be used to 
prepare these complexes and, it is more convenient to use the 
acid rather than its potassium salt as it is the more soluble 
(see Experimental Section, Method A).
Methods B and C, Table I). These hygroscopic brown materials
which indicate that they are true complexes.
Anhydrous varieties were studied only in the case of the • 
sodium, potassium and tetraethyl ammonium salts. The analytical 
figures of the residues obtained from other complexes (see Table V) 
also suggest that they could be isolated and studied. As the 
anhydrous brown residues are hygroscopic, it is advisable to 
study them in the absence of air.
When attempts were made to replace the coordinated water 
molecules in the potassium salt by ethylenediamine and pyridine, 
Kionoprotonatedethylenediamine, C_H_N * and pyridinium, C„H-M+
2 y 2 7 p O
salts were obtained. When the bases are added (see Experimental 
Section, Method C) to an acidic solution of a potassium salt, 
the hydrogen ion concentration of the solution decreases and 
it has been already pointed out (see pages 35 srnd 36, ln£lro*duatiain‘)-. . 
that low hydrogen ion concentration favours the formation of 
trismalonato comx3lexes and, in fact, the resulting solution 
was dark red in colour which is characteristic of the trismalonato
During the determination of water molecules, the
u fc J iiy u .jL c a o j.u iz  u a  2  3  2  4  2 2  ’  L 2  2  3  2  f t  2  2
and (C2H5)4N[Mn(H20)2(C3H204)2] led to K[Mn(C H g O p g],Wa[Mn(C^HgOpg] 
and ,N[Mn( C_H0©>)-3 respectively {see Experimental Section,
dehydration of K[Mn(H20)2(C HgO^) 2] . 2H20, Na[Mn(H20) 2(C
gave reasonable analytical and paramagnetic susceptibilijby data
complexes,, It has been also observed (see Experimental Section,
Method B) that from such dark red solutions, the bismalonato
complexes, which are less soluble and in equilibrium with
trismalonato complex ions, always separate out* Hence, the pyridi
and monoprotonesbed5thylenediamine salts were obtained from these
dark red solutions and no evidence for the coordination of
ethylenediamine and pyridine was obtained; the bismalonato-
diaquomanganese"(XII) ion was obtained in the usual way. The
neutralisation of the bases will favour the formation of the
corresponding cations. In the case of ethylene diamine, y.nc^ e;r
the experimental conditions employed, it might have functioned
as an acid-alkali malonate, H»C(CQQH)CQO(CH0)0I^,>NH,3.
+The cations, pyridinium, C^H^N and monoprotonated-
4-
ethylenediamine, C H N0 are larger than the potassium ion anddj y ^
hence they may be preferentially taken up by the bismalonato-
diaq\iomanganese(III) ion to form the pyridinium and monoprotonate-
dethylenediamine salts. The absence of potassium ion was
confirmed by flame spectrophotometry.
Thus if would seem difficult to replace coordinated
water molecules by pyridine and ethylenediamine and it can be
concluded that the two coordinated water molecules are strongly
bound in the anion. This has been also demonstrated by Cartledge
and Nichols^®^ as the salt, KCMnCH^O) ^  (C^H^O^) g], was obtained
from methanolic solutions.
The salt derived from ethylenediamine also contained
a molecule of malonic acid of crystallisation and such additive
ri25icompounds have been described for trans-dichlorodiethylene-
diaminecobalt(III) chloride, [Cl CoenQ]Cl, The dicarboxylic
acids, malonic, cliloromalonic, bromomaIonic, glutaric, 
thiodiacetic, sulphonyldiacetic and maXeic acids form addition 
compounds of general formula [Cl^Coen^]AH.HgA, (where H^A 
represents a dibasic acid). With thiodilactylic acid, the
r x x o ]
compound LClgCoengJCl.H^A is obtained. Meyer and Schramm 
have also shorn that the dark red solutions obtained by treating 
concentrated, warm solutions of acid alkalimalonates with 
manganese(XXX) hydroxide, upon cooling or concentrating in a 
desiccator, gave green crystals of the bismalonato complexes 
along with colourless crystals of malonic acid and its alkali 
salt.
(c) MAGNETIC RESULTS
According to tlie theory of Bose-Stoner which was extended
by Van VTeck, the magnetic moment of & paramagnetic material
should lie between \/4S(S+l) and sfkS (S+1) + L( L+1) (where S = sum
of the spin quantum numbers, s = -J, for individual electrons and
L = orbital angular momentum quantum number of the ion). In
other words, it should lie between the spin-only value and that value
derived if the orbital motion makes a full contribution to the
magnetic moment. According to this theory,, the manganese (III)
5ion, which has four unpaired, 3d electrons, leading to a D0 
ground state, the magnetic moment, should lie between 4.9 and
5.48 B.M. But the value of the moment should be close to the 
first of these values as, for the first half of the first row 
transition element ions, the L(L+1) contribution is almost 
completely suppressed and the best agreement with the experimental
pul *i
results is obtained with the spin-only formula
"When the free ion enters into complex formation the
orbital ’’quenching” is determined by the action of the ligand
field on the energy levels of the ion. In octahedral, spin- 
3 1 1free (t0 e , ) complexes all orbital contribution to the moment,dg g
is quenched. The eg( , dz2) orbital members cannot be
transformed into each other by a rotation about any axis, and
hence an electron occu£3ying them cannot contribute to the
orbital angular momentum. Also there is an electron in each
of the three t_ orbitals (d ,d and d ), and all of these 2g xy Xz yz
have the same spin. The electron in the dL^ orbital, say,
cannot rotate into the equivalent orbital d* because that < yz
3
orbital is already occupied. Hence the configuration t0 will<sg
not contribute to the orbital angular momentum. As the orbital 
contribution to the magnetic moment is completely quenched^" 
one can explain the magnetic moments in octahedral spin-free 
complexes from the free ion standpoint.
However, few exact spin-only moments are found where 
the quenching of the orbital contribution is complete. The 
reason for this divergence is that the spin-orbit coupling of 
the ion, although it is not able to cause the splitting j>f a 
ground state in which there is no orbital angular momentum, 
is able to !mix in1 some of the higher levels with orbital 
angular momentum. In order for this mixing to be effective, 
these higher levels must have the same multiplicity (S value) as 
the ground state. Because of this effect the magnetic moment 
is given by the following equation:-
j, = [j,o(l-a^ )       (1)
where [l is the observed magnetic moment,
(j,o is the spin only value,
A is the energy separation to the nearest level of the 
same multiplicity,
cx is a constant which is 2 for a D term,
K is the spin-orbit coupling constant which is 88 Cm.~ 
for manganese(III)
Thus for the high-spin type of octahedral complexes the 
5 5ground term is the Eg from the D0 term of the free ion, and 
the magnetic moment will lie below the spin-only value (4.90 B.M.) 
by the factor (1- ) and should be independent of temperature^'4^
TABLE VI
Magnetic Moments of Some Spin-free Manganese(XII)
Compounds
Compound T, °K
i
He f f <B.M.) Reference
(1) MnCCH^COO)^•2HgO 293.0 4.94 5
(2) MnF3 290.0 4.91 35
(3) NH4MnP20 300. 0 4.88 45
(4) Mn(acac)j 300.0 4.98
! 74
(5) Mn( C H^NCOg) 298.0 4.90 77
(6) Mn(Cl4Hl4N.CS2)3 - 5.02 73
(7) Mn(CgHgN.CS 2) - 4.78 73
(8) C18H12>&J,3°9
298.0 5.00 78
(9) [Mn Oiarsine Cl^HgOjCXO^ 293.0 5.10 84
(10) CoC9H30N6IdnCl6 294.5 4.91 22
(11) [Et^NjgCldnCl^] R.T. 5.00 18
(12) [bipy-Hg][MnCl^] 292.0 4.88 20
(13) [phen-Hg][MnCl^] 336.0 5.07 20
(14) [MnCl3(HgO)bipy]. 345.0 4.98 20
(15) [MnCl3 (H20)phen] 293.0 4.75 20
(16) [MnF3 (H20)xohen] 318.0 4.89 20
(17) [MnC^trpy] 310.0 4.91 20
(18) ISMn#y.2.5H20 294.0 4.89 90
(19) KMn.C.3H20 • - 4.94 91
(20) NH.[Mn(Sal2-)2.2H20] 291.0 4.93 94
(21) [Mn(bipy02)3] (C10Zi)3<,3H20 288.0 4.97 86 :
VARIATION OF MAGNETIC PROPERTIES OF THE COMPLEXES
WITH TEMPERATURE 
TABLE VII
K[Mn(H20)2L2].2H20 A
Molecular Weight: 370.2 Diamagnetic Correction:-
-6-157 2c 10 C.G.S. units
Temp.(°K) *XAxl06 c.g.s. ">CA“132l0“2
298.5 10057 0.9970 4.91
281.0 10577 0.9454 4.90
229.5 13117 0.7621 4^.93
216.3 14097 0.7092 4.96
194.5 15637 0.6395 4-95
168.5 17997 0.5558 4.95
147-0 20657 0.4840 4.95
117-0 25837 0.3870 4.94
87-5 34287 0.2917 4.92
K[Mn(H20)2L2] B
Molecular Weight: 334.1 Diamagnetic Correction:- /■
-131 x 1Q~ C.G.S. units
301.0 10411 O.9607 5.03
265.5 11771 0*8496 5-02
230.0 13601 0.7353 ■f 5.02
193.0 16261 0.6151 \\ 5.03
156.5 19121 ' 0.5231 [ 4.91
118.5 25841 O.387O •: 4.97
86* 0 35351 0.2829 4.95
...-... ...... __ ■ >1 . .n, ,
TABLE VIII
K[MnL0] A
Molecular Weight: 298„I Diamagnetic Correction:-
-6-XO5 . 0 x 10 C.G.S. units
Temp.(°K) %. Ax106C.G.S.
i
X  A~1xl0~2
300.0 10395 O.9625 5.01
282.0 11245 r 0.8898 5.05
266.0 12155 1 0.8230 5.X
230.0 13615 0.7348 5.02
194.5 15585 0.6419 4.94
I69.O 18115 ' O.5522 4.97
117.0 25745 0.3886 4.93
101.5 29025 0.3445 4.87
88.0 32705 0.3059 4.82
K3[MnL3]3H20 B
Molecular Weight: 532.4 Diamagnetic Correction:-
-219x10" C.G.S. units
299.0 10141 0.9863 4.95
282.5 10809 0.9251 4.96
266.0 11519 0.8682 4.97
229.5 13479 0.74x8 5.00
193.3 15889
;
0.6292 4 c, 98
168.5 18519 0.5399 5,02
116.5 26229 0.3813 4.97
88.0 34609 0.2889 4.96
r
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TABLE IX
K [MnL l.HgO A
Molecular Weight: 496.4 Diamagnetic Correction:- 
-6-193 x 10 Cc G0 S0 units
Temp.(°K)
... . ,H5“ --- ?X  AxlO C.G.S.:t -1 ,^-2X  A xio
299.5 10184 0.9824 - 4.9^>
282.0 10823 0.9243 4.98
273.5 11293 0.8857 4.99
231 13423 0.7450 5.00
193.5 16003 0.6250 ■ 5.00
168.5 18433 0.5426 5.00
146.5 21283 0.4700 5101
116.5 26483 0.3777 4.99
101 30713 0.3257 5.00
88 35083 0.2850 5.05
Na[Mn(H?0) 2].2H2Q B
Molecular Weight: 354.1 Diamagnetic Correction:-
-6
- 149 10 C.G.S . units
298.5 IOI69 0.9833 4.95
281.0 10849 :? 0.9217 ; 4.96
265.5 IO969 0.9ll6 ■i 4.85
229.5 13219 0.7563 ]f 4.95
216.5 14049 0.7119 :| 4.95
193.5 15609 0.6406 j 4.94
168.75 18029 : 0.5546 \; 4.95
14-7.5 20539 0.4868 jt 4.94
116.5 26159 0.3823 1 4.96
88 33769 0.2961 \; 4.90
- 62 -
X
Ha [ Mnl_- 9] A 
Molecular Weight: 282.0 Diamagnetic Correction:- 
-97 10 ^C.G.S. units
ifI4[Mn(H20)L2] £
Mo1e cular W£ight: 331*1 Diamagnetic Correction:- 
-6-129*0 at 10 C.G.S. units
301.0 9 9 9I I . 00 1 4*92
266c o 11339 0.8816 4.93
229 * 0 13129 0.7615 4.92
193.0 13619 0.6401 4.93
0•H 19369 0.5162 4.95
120,0 25849. O.3868 5 * 00
88.0 34669 0.2884 4.96
Temp. (°K) 74 AxlO^C.G.S. %  A“1xlC~2 j
t
283.5 13067 0.7651 5*5 0
266.5 13907 ' 0.7190 5*50 |
255*5 14387 0.6950 5.45
229.5 16057 0.6227 5.45
216.0 16977 0.5888 5J44
193.5 18887 0.5295 5.43
147.0 24427 <J 0 4094
COCA4A
116.5 3100? 0.3224 5.40
SB. 0 38437 0.2601 5*22
- 83 -
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TABLE XI
Li [Mn(H20) 2L2] . 3H20 A
Molecular Weight: 356.1 Diamagnetic Correction:
-6-156 x 10 C.G.S. units
Temp. (°E)
....----------- _  _
%  Axi06C.G.S. X  A”"1xlO~,^
301.0 9902 1.0100 ; 4.90
265,5 11236 0.8898 4.90
229.0 ' 13286 0.7525 4.95
194.0 15446 0.6423
I
4.92
157.5 19106 0.5234 4.93
119.5 25166 0.3973 4.93
88.5 33676 0.2970 4.90
Rb[Mn(H20)2L?] B
Molecular Weight: 380.5 Diamagnetic Correction:
-138 x IO C.G, S. units
301.5 9888 1.0110 4.91
266.0 11238 O.8898 4.91
230.0 13268 i. 0.7536
;
4.96
193.5 15758 0.6345 4.96
157.0 ■ 19508 : 0.5128 : 4.97
119.0 25408 0.3936 4.94
87.5 34648 ; 0.2886 4.95
________ _____—
TABLE XII
Cs[Mh(H20)2L2] A
Molecular Weight; 428.0 Diamagnetic Correction:
-6-151 x 10 C.G.S. units
Temp.(°K) Y, AxlO^C.G.S. ; X. A~1xlO~2
302.0 9960
* * 1 ^
1.0040 • 4.93
267.0 1124-1 0.8898 4. 9^ 3
230.5 13081 0.7647 4.93
194.5 15531 0.6439
1 ' 
4.94
158.5 19171 0.5217
■j
4.95
120.0 25351 0.3945 4.95
88.0 34-751 0.2878 4.97
Tl[Mn(H20)2L2] B
Molecular W eight: 499.5 Diamagnetic Correction: 
a
-152 x 10 C. G. S. units
301.5 10262 0.9745 5.00
266.5 11682 0.8561 5.01
230.0 13532 0.7391 5.01
195*0 16042 0.6234 5.02
157.5 19822 0^ 5046 5.02
120 . 0 26232 0.3813 5.04
83*0 03
CO
. 
V\0^—,.... --
J,.
0.2790 [ 5.04 
»•
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TABLE XII
C(C2H5)4N][Mn(H20)2L2] A
Molecular* Weight: 424.3 Diamagnetic Correction:
-6-228 x 10 C.G.S* units
Temp. (°I£)
_ _ -----------
6
X  AxlOuC.G.S.
-----------------
X  A-^-xlO"2
---- — -----*
283.5 10728 0.9319 4.95
267.5 11328 0.8824 4.94
230.0 13318 0.7506 4.971
217.0 14108 0.7087 4.97
194.0 15688 :i 0.6374 4.96
168.5 18218 0.5488 4.98
147.0 20918 0.4780 4.98
116.5 26458 0.3779 4.99
88.0 34828 0.2871 4.97
[(C2H5)4N][FnL2] B
Molecular Weight: 388.3 Diamagnetic Correction: 
-6-202 x 10 C.G.S. units
283.5 10942 0.9141 5.00
256.0 11962 O.8382 4.97
231.5 13402 i  0.7463 5.00
194.0 15872 0.6301 4.98
147.5 20752 :; 0.4818 4.97
II6.5 25972 O.385O 4.94
88.0 33582 0.2979 4.8S
TABLE XIV
[(CH )4N][Mn(H20)2L2] A
Molecular Weight: 369.2 Diamagnetic Correction:
-6- l 8 l  x 10 C.G.S. units
Temp.(°K) %  AxlO^C.G.S. J
>
%  A"*1xl0"’2 j
301.5 9971 1.0030 4.92
265.0 11291 0.8860 4 Q1A# /'X
229.5 13071 0.7651 4.92
1
193.0 15521 0.6443 4.91
156.5 19321 0.5176 4.94 -
119.5 25411 0.3935 4.94
86.5 34671 0.2884 4.92
[ CH6N3 ] [Mn (H20 ) L2 ] . 2H20 B
Molecular Weight: 355.1 Diamagnetic Correction: 
-144 x 10~^C.G.S. units
303.0 10053 : 0.9952 4.9 5
267.0 ' 11494 0.8702 4.97
231.0 13304 0.7518 4.98
194.5 15714 0.6364 4.96
157.5 19474 0.5136 4.98
120.0 25644 0.3900 4.98
! 87.0
i
35364 
■L. .. , ,;w
0.2828 4.98
FIG. 7
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TABLE X¥
[C HgN] [I4ei(H20) 2L2] . 2K20 A
Molecular Weight: 4ll.2 Diamagnetic Correction:
-6-191 x 10 C.G.S, units
Temp.(°K) %  Axl06C.G.S. %  A ^ x l O ”2
301.5 10311 0.9700 5.01
266.0 11641 0,8590 5.00
229.5 13341 0.7495 4.97/
192.0 15931 0.6277 4.97
157.0 19651 0.5088 4.99
120.0 25711 0.3890 4,99
87.5 35251 0,2837 4.99
[BnH] [Mn(H20)2L2] . BHgO. C ^ O ^ B
Molecular Weight: 496.3 Diamagnetic Correction: 
-6
-239 10 C.G.S. units
301.0 10299 0.9710 5.00
266.0 . 11509 ; 0.8687 ; 4.97
i.
228.5 ! 13379 0.7473 4.97
i: I92..O 16189 0.6177 j 5.01
157.0 19539 j
7
0.5118 > 4.97
119.0 25819 0.3873 f 4.98
87.0 35329 0.2830 t 4.98
i-On
0 *8-
0 -6-
0*4-
0 -2-
O
1*0
0*8
0 -6-
0-4-
0 -2.
F IG .  8
CcH.N[Mn(H00)0L^]-2H^O
CD
2 5 0 3 0 0200150 o5 O lOO
A > ( B . M . )  L = C o H 0Q
M n (H2O )2 L 2^  *2 H2O -€3 H^Q
CD
250 3 0 05 0 100 20050
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For the hexaaquoaanganese(III) ion the value of A has been
-i ri27ireported as 21,000 Cm. . The substitution of the values
— 1of Ot = 2, X = 88 and A = 21,000 Cm7 in equation (1) will lead
to j, = 4.86 B.M. However, from structure determinations
Ma(acac)^12^ ,  M n F ^ 129 ,^ (NH^) gMnF , K^MnCCN) ^ NO.
and some chromium(XX) compounds, CrSO^. , KCrF^^^2^
are known to be tetragonally distorted, although manganese(III)
riPoi {” 1 3 3 "1
acetylacetonate is only slightly so . Figgis has
shown that a tetragonal distortion should lead to an increase in 
magnetic moment as the temperature is decreased. Tl^ e magnetic 
moments of some spin-free manganese(III) compounds are summarised 
in Table VI for the sake of comparison.
Spin-free manganese(III) complexes usually have magnetic 
moments in the range 4.85-5*0 B.M. (see Table VI). The results 
obtained (Tables VII to XV, Figures 4 to 8) for the compounds 
studied in the present work show that all the compounds obey 
the Curie law with magnetic moments close to 4.90 B.M. , the 
spin-only value, and © values close to 0 . As discussed above, 
to a first approximation, no orbital contribution to the 
magnetic moment should arise in octahedral spin-free manganese(III) 
complexes, so that a temperature independent moment of 4.90 B.M. 
is expected. However, a tetragonal distortion should lead to
r w ]
an increase in magnetic moment as the temperature is decreased
The results obtained are approximately 1-2% greater- than those
expected from the spin-only value and, in some cases, for
example, K[MnL ] -H^O, NH^CMnd^O) , and Rb[Mn(H20) , the
o omoment rises by 1-2% between 300 and 88 K, whilst similar smaller
increases in moment have been observed Tor the caesium, thallium, 
and guanidine salts (see Tables IX, X, XI, XII, and XIV),
Similar small increases in magnetic moments as the temperature 
decreases have been also observed in some chromium(II) compounds^ 
The increases in the observed moments as the temperature 
is decreased, are, however close to the experimental error,
fl OO 1
According to Figgis any change in magnetic moment would be
small and detectable only at temperatures lower than those used
in the present work. The magnetic measurements, therefore 
neither confirm nor deny the presence of a tetragonal distortion 
in these complexes.
The three anhydrous compounds (see Tables VIIIA;
Figure 4, XA; Figure 5j XIIIB; Figure 7) show decreases in
moment as the temperature is lowered and it is likely that
these decreases are due to some slight interaction as the 
ligands are presumably bridging. The high value of the 
moment observed in the case of the anhydrous sodium salt 
(5.50 B,M. at 283,5°K, Table XA) shows that the compound may 
contain manganese(II) impurity. As the compound was prepared 
by the dehydration of NaCMr^H^O)2^2^*^H^O, the decomposition 
may have been accompanied by the reduction of manganese(III) 
to manganese(II) and this may account for the high magnetic 
moment.
r o o 1
Grey reports a magnetic moment of 4.37 B.M, for the
compound, I£[Mn(H20) . 2H20. Our measurements show that the
omagnetic moments of this compound are 4.91 B,M. at 298,5 K
and 4.92 B.M. at 87.5°K (Table VIIA). Several similar complexes,
(see Tables VII to XV), also show magnetic moments close to 
4,90 B.M. , the spin-only value. The value rexoorted by Grey 
seems to be incorrect.
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(d) REFLECTANCE SPECTRA
The electronic configuration of the manganese(III) ion
4 5is [A][3d ] and the Russell-Saunders ground state is B. In a
weak crystal field of regular octahedral symmetry ((X. ), i.e.IJj.
cubic symmetry, the orbital degeneracy is partially removed 
5
and the D ground state is split into a lower, doubly-degenerate 
E_ state and a higher, triply-degenerate T0 state placed at
lOBq. Thus only a single spin-allowed d-d transition
5 5 3 1(**J5  ^  ) *-8 expected in octahedral, high-spin (tQ e )g <3g g
manganese(III) complexes in the visible region. Crystal field 
theory predicts that large distortions from octahedral symmetry
should occur for the configurations:
3 3 + 2 +t0 ©1 " i.e., high-spin Mn and Cr ;
o S
tgp. eg i.e., low-spin Co^+, and
.6 3 . n 2+t „ e i.e.. Cu2g g ’ *
Hence, the Jahn-Teller effect will lead to a splitting of the 
Tp and E states, so that even in a complex with six 
equivalent donor atoms the regular octahedral configuration is 
not expected, but rather one in which the octahedron is 
elongated or compressed along one of its four-fold axes to 
give a tetragonaily distorted system. From structure
[30 128 129determinations some high-spin manganese(III) complexes > ’
1301 2+and chromium(II) complexes (Cr is isoelectronic with
Mr?+) 132] known to be tetragonaily distorted which
could be a consequence of the Jahn-Teller effect.
Assuming an axially elongated octahedral configuration,
the energy level diagram shown in Figure 9 is obtained. Thus
three ^ visible or near infrared absorption bands are expected
5 5 5 5corresponding to the transitions, B, • ----3ft -'A- , B, — —-?ft B ,J-g Xg Xg £jg
and .
In the bismalonatodiaquomanganese(III) complexes
(bis-complexes), the position of the strong band, which is
usually broad and symmetric (but may be narrow in some cases),
varies from 450m|i (22,220 Cm„^) to 470mp, (21,276 Cm7*^ ) Whilst
a second band which is less weaker, broad and asymmetric varies
in position from 623mji (16,050 Cm„ ^ ) to 79Qm\l (12,658 Cm.x)
(see Table XVI, Figures 10 to 15)- The spectra of two
anhydrous varieties, Na[MnL^] and K[MnLg] are similar 4o those of
the bismalonatodiaquomanganese(III) complexes (see Table XVT,
Figures, 11 and 12) « It may be concluded that these complexes
may well have acquired a structure similar to that of the
bismalonatodiaquomanganese(III) complexes through bridging
maIonato ions and this conclusion is in agreement with that
derived from the magnetic data (see page 93 )• In the
trismalonatomanganesedll) complexes (tris-complexes), the
strong band which is usually broad and asymmetric is observed
near 500mp, (20,000 Cm7^) and the second band which is weak,
—1very broad and asymmetric is centered near 1222m[_t (8l83 C:n0 )
(see Table XVI, Figure 16).
The attempted assignments of the absorption bands may 
be based upon the following assumptions:-
(1) In the tris-complexes there will be distortion from 
octahedral symmetry only because of the Jahn-Teller effect*
(2) In the bis-complexes, there will be distortion
from an octahedral symmetry because of the Jahn-Teller effect and
SPLITTING OF D SPECTROSCOPIC T E R M  UNDER
(a) CUBIC FIELD (b) WEAK FIELD (C) L A R G E 
D ISTO R TIO N (d) S M A L L E R  D I S T O R T I O N
TABLE XVI 
DifTuse Reflectance Spectra
S =s strong; V = Very; b = broad; w = weak; L = C^H^O^
| Compound — XX mu,(Cm. ) max. r
H [ M n ( H 2 0 ) 2 L 2 ] . 4 H 2 0 455(21978) S
655(X5270) wb
Li[l-fa<H20)2L2].3H20 455(21978) S
665(15040) wb
Na[Ifc(H20)2L2].2H20 450(22220) S
623(16050) wb
WaCl-JnLg] 470(21276) Sb
795(1250§) . wb
K [ M n ( H 20 ) 2 L 2 ] . 2 H 2 0 455(21978) S
623(16050) wb
K[Mn(H 0 )  L  ] 455(21978) S
650(15384) wb
K[MnL2] 4-70(21276) wb
710(14084) Vw,Vb
K3 [MnL ] . 3 H 2 0 490(20408) Sb
1209(8271) w, Vb
K [M n l, ] . H 2 0 520(19230) Sb
1222(8183) w, Vb
Sb[Mn(H20)2L2] 450(22220) Sb
710(14084) wb
Cs[Mh(H„0)„L_3
mI m 470(21276) Sb
720(13888) wb
T1[I*l(H20)2L2] 465(21500) Sb
725(13790) wb
m Lilttatti2o) 2l z] 450(22220) Sb
710(14084) wb
(CH3)4H[Mh(H20)2L2] 460(21739) S
655(15270) wb
(C2H5)4N[Mn(H20)2L2] 470(21276) Sb
720(13888) wb
C5H6N[Ifa(H20) 2L2] . 2H20 470(21276) Sb
790(12658) w, Vb
c h6n 3[i& l(h 2o )2l 2] 465(21505) Sb
718(13930) wb
E n H [ M n ( H „ 0 ) „ L „ ] . 2 H „ 0 . H „ L 465(21505) Sb
; 682(14670) wb
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the asymmetric- arrangement of* different ligands around the 
central metal ion (water molecules are assumed to he in trans­
position) , i.e. the bis-complexes are susceptible to both 
Jahn-Teller and to further tetragonal distortions caused by 
differences in the crystal field parameters of water molecules 
and malonate ions.
The strong band observed in the bis-complexes near 
460mjJl (21,7^0 Cm.'*') is thus assigned to one of the split
r  q  e
components of the T 0 excited state, i.e. B, E. (see1 2g ’ Ig g
Figure 9)» whilst in the tris-complexes the band observed near
. - 1 . I
500mji, (20,000 Cm. ) is assigned to both of the split components
c er e K 5 n
of the T0 excited state, i.e. E , and B_ — 2
_ xg _ S ig
Thus only one transition, B  ■£>>. E , in the bis-complexesXg O
could account for the symmetrical nature of the band although
the bands are often rather broad (see Figures 10 to 15).
In the tris-complexes the assignment of the band
involves two transitions, B _  E B0 whichIg g xg <dg
could account for the broad and asymmetric nature of the band.
The possibility of one transition in the bis-complexes and
two transitions in the tris-complexes could be explained on
the basis of distortion. It has been already shown that the
bis-comp1exes should be more distorted than the tris-complexes
5 5and hence in the more distorted bis-complexes the ^jg and ®gg
states may have similar energy whilst in the tris-complexes,
which are less distorted, these levels should lie far from
each other (see Figure 9* (c) and (d)) and moreover the
5 5separation of the E „ and B0 levels should be small.O d g
rr, , [22,75,135 to 141]There are several reports ’ ’ concerning
the spectra of six-coordinate, high-spin manganese(XIX) complexes
rl'75and some tentative assignments have been proposed# J^rgensenL J 
and several other workers^^’ -*-36* 137, 22,139? j-40] |iav.e interpreted
their results in terms of an octahedral model and assigned the 
-1~ 20,000 Cm# absorption as the spin-allowed crystal field
p r P **7 Q ”1
transition, E -- ^  T0 (see Figure 9)- Nyholm et al#o 2g
have observed splitting of the band near 22.000 Cm#**' with a 
separation of 2600 Cm#***# and this splitting has been attributed 
to the Jahn-Teller distortion of excited state, i.e# to
j
5 5 5 5the transitions B,  B0 and B, ■ E~# SimilarIg 2g Ig S
[3 9 ]
assignments have also been made by Dingle and Packer and
n42l [881Chawla1- ~ # Ray et al# have also observed'a similar
splitting and have made similar assignments, but the cause of •
the splitting-in this case, is attributed to the very low
symmetry of the molecule# The degeneracy of the states is
expected to be completely removed by the asymmetric field and
hence the magnitude of the Jahn-Teller effect will be small#
Dingls^*^ has studied the spectra of the manganese (III) ion
in a variety of molecular environments in which two regions
-Xof absorptions are observed; near 20,000 Cm# and in the 
range 5000-15000 Cm!*** . The higher energy absorption is 
accounted for by the transition, Er ——■«?> T ^  or its components 
in one or other lower symmetry groups# The lowering of the 
symmetry could account for the appearance of multiple absorption 
maxima in some spectra#"
Thus the assignment of the strong band in the
1bis-complexes near 460mp, (21740 Cm# ) to the split component
of the excited state, i.e.,  ^  and in the2g ’ I g d
tris-complexes the assignment of the strong band near 500m}l
-1 5(20,000 Cm# ) to the split components of the T_^ excited state,
5 ^  5 5 v. 5i.e#, B-   and B,  j* Bp looks reasonable enough•L g - o u*- g j' & g
on this qualitative argument#
It follows from this argument that the low energy
5 5absorption in the tris-complexes is assigned to
whilst that in the bis-complexes is assigned to two transitions
5 5which are assumed to have similar energy, i#e# B 1 A and
—S Iff CJ j
>0 ---qg xhe broad and asymmetric nature of the bandXg ^  2g J
may be because of these two transitions# The tris-complexes
which were assumed to be the less distorted, thus give rise
—  1to a low energy (8200 Cm# ) absorption, whilst the bis-complexes. 
which may be more radically distorted, give rise to an'
— i
absorption at higher energy (12,658-16,050 Cm. "*■), and this 
absorption may consist of two components (see above)#
5~ThuS the splitting between two components of the
ground state is of the order of 14300 Cm. in the bis-complexes
— 1 [142] and 8200 Cm# in the tris-complexes* Fackler and Chawla
-1have observed splitting of the order of 14,000 Cm* for
, [39] b-as observed aqueous manganese (IX j.) xons# Dxngle
-1
splittings of a similar order (12,750 Cm* )* Tetragonal
[144,145]fields of this magnitude have been invoked before c
The comparison of the two bands observed in potassium 
trismalonaiomanganese(III) trihydrate and the corresponding . 
bands of potassium bisma33onatodiaquomanganes’e(IXI) dihydrate
(see Table XVI) shows that in the tris“Complex both the bands 
have moved towards lower energy, the main band has shifted by
_ i _ i
1570 Cm7 and the second band has shifted by 7779 Cm7 * Thus
the comparison may show that the main band is less effected
whilst the second band is more effected by distortion* This
5may be attributed to the fact that the E_ ground state is moreO
5susceptible to tetragonal distortions than the T» excited“ g
state* The bis-complexes are more distorted than the tris-
5
complexes and hence the ground state will be more effected
in the bis-complexes than in the tris-complexes, and as a
I
result of this, in the two series of complexes the same
5transition differs remarkably, whilst the excited state,
which is less susceptible to distortion produces absorptions
at similar energy*
However, the assignments and the possible explainations
given above are subject to the following comments:-
(1) In the bis-complexes, the strong band observed at
21740 Cra7 is assigned to only one transition,  y? E^
in order to explain its symmetrical and somewhat narrow nature,
-1
whilst the second band at 14,290 Cm* is assigned to the
transitions ^B_...- ^A, and in order toIg - ^  Ig Ig 2g
explain its broad and asymmetric nature» However, the strong
band in the case of the caesium salt,„ Cs [Mn(H^O) , the 
rubidium salt, R b [ M n ( H g O ) , the thallium salt TltMnCH^O)
(see Figure 13) and the .ammonium salt, NH^C^ta(HpO) (see
Figure 14) is rather broad* If the strong band derives from 
one transition it should be narrow. Further, in order to
explain the asymmetric and broad nature of the second band in
h — 5b 0Ig ^  2g
5 ->^5the bis-complexes the transition B.,  B_ is included
5 v 5with the transition ®ig  p* ^ig "Du"^ this assignment would
require a very large distortion to produce the low energy
5 5required for the B_ -->  B?a- transition and the high energyig <4g
5 5required for the B^ — lg transition (see Figure 9, (c).
Hence it is possible that this broad and symmetrical strong
band observed in the bis-complexes may contain both the
5 \  5 5 5transitions, B,  E_ and B- “> B0 instead of onlylg S lg * 2g
5 5
the one transition, B^  g’ suggested earlier and thus
I 5 c;
the second, weaker band may contain only one transition, ' A
5 5The weaker band thus contains only one transition B.^
5and describes the distortion of the Eg level* These assignments
fl43-i
are also in good agreement with the results obtained by Dingle J 
He has studied the spectra of the bismalonatodiaquo and trismalonat
ions in solution. For the trismalonato ion, in malnnate buffer,
1he observes two bands, near 20,000 Cm* at a separation of
800 Cm7^ and a second band, which is less intense, and centered 
— 1at 9^00 Cm, * In the bismalonatodiaquo ion, in m&lonate
- 1buffer, two bands, one near 22,000 Cm. at the separation of
—1 —1900 Cm* and a second, weaker band at 14,200 Cm. are observed*
Thus it could be seen that the results obtained from the diffuse
reflectance spectra (see Table XVI) in the present work show an
ri43iexcellent agreement with those of Dingle" , which were
obtained from solution spectra. Splitting of the main band
in both bis- and tris-complexes was observed in the work of 
Tl43lDxngieL J and it is encouraging to assign the main band to
complexes rather than to only one transition 3 ^   Eg,
Again it can he seen that the separation of these two components
is very small, e.g. in bis-complexes, of the order of 800 Cm.
and it is difficult to observe such a small separation in diffus
reflectance spectra, because the resolution obtained is less
than that of solution measurements. According to this theory,
in both bis- and tris-complexes, the second weaker band is
5 \  5attributed to a single transition B^  ^lg* Again the
problem of broadness and the asymmetric nature of this band 
remains unsolved as it contains only one transition it should 
be both narrow and symmetric.
5(2) In the bis-complexes the splitting of the ground
state is of the order of 14290 Cral'*' and in the tris-complexes
—1 146]
8183 Cm. , Leihr and Ballhausen have shown from theor«tica
calculations that the separation should be of the order of
*» 4000 Cm7^. Thus the observed values are approximately
three times greater in bis-complexes and approximately twice
as great in tris-complexes than is predicted. In the tris-
complex as only the Jahn-Teller distortion is effective, the
separation value should lie near to the theoretical value.
In the case of bis-complexes the value may be expected to be a
little higher because of the added tetragonal distortion.
However, in the bis-complexes, the added tetragonal distortion
may be small because the reported lODq values for malcnato
and aquo-ligands are similar . Morosin and Brathovde^^*^
have shown by X-ray analysis that the distortion of the ground
state in the tris-acetylacetonate of* manganese(III) may be 
small because there is little difference in the lengths of the 
six metal-oxygen bonds and this implies that the assignment of 
low energy absorption, in the spectra reported here, may be 
an erroneous one.
(3) An attempted Gaussian analysis of the entire 
spectrum of both the series of salts failed to identify the
three component system predicted from simple theory (see Figure 9)» 
It was difficult, to allow for the absorption of ultraviolet, 
ligand charge-transfer bands which overlap into the visible 
region of the spectrum. The problem of distinguishing both
e nr ej e
the B_ --■■■■■> E„ and B, — B„ transitions remains, then,lg ^  £ lg /  2g 7 ? .
unresolved.
(4) It can be seen that in the bis-complexes the lower 
energy band is more greatly affected by changes in the
counter-cation ion than is the higher energy.band (see Table XV'I), 
We could not establish any relation in the variation in energy 
of the second band in the series of complexes studied In the 
present work.
Ligand to Metal Charge Transfer Processes
The above discussion makes it clear that the 
assignment of the lower energy band in the two series of 
complexes subject to a number of serious limitations. Recently 
D i n g l e h a s  tried to make it clear that this absorption 
cannot correspond to any spin-allowed crystal field transition,.
On the basis of intensity and frequency the earlier assignments
of this band to spin forbidden transition^^ ’ 1
— >  3 no longer appears to be valid. Dingle^"^"^
points out that if the quintet-triplet assignment is to be
retained, very large mixing coefficients must be introduced,
ri4ai *3but Griffith has shown that coupling between the T_ ,(H)
5and ^2g s"^a^es zero ^  near 0^ symmetries. In a 
series of complexes examined it was found that the change in 
frequency of this absorption bandy if considered to be the
r* T_ (H) transition, does not follow the relationship
S.
—1 i
[149]
expected from simple theory , i.e. as the frequency of the
5 32g •**evei increases then that of the T^^(H) level should
decrease, for the observed results show a reverse order. A
-1weak band observed at approx. 10,500 Cm. in a 2,2-bipyridyl-l,
1-dioxide complex as well as a stronger band at 6500 Cm.^
3
presents reasonable evidence'that the (H) level is not
responsible for the more intense near infra-red band. From
f 143]
these considerations Dingle argues that a consistent
description of the visible and near infra-red spectrum of 
manganese(III) complexes cannot be derived from simple crystal
rr
field theory. Inclusion of Jahn-Teller distortions in the "EO
ground state does not resolve the problem. In order to explain 
the origin of the transition in the near infra-red region a
r 1271one electron excitation ,
7* t2g
ligand 71 metal,
or d orbital
non-bonding
Is suggested. If one restricts the argument to near octahedral
complexes involving ligands that have -weakly TU-bonding or 
non-bonding, billed orbitals, then there is ample facility for 
the donation of an electron from such an orbital into the partial! 
filled, essentially d-like, tg orbitals of the metal. The 
decomposition of manganese(III) solutions with the deposition of 
IDale yellow solids is consistent with a decomposition reaction 
that occurs through a ligand to metal charge transfer process, 
which can be described by the equation
' Mn(IIX) + e  >Mn(II)
In the solid state several complexes have been found to be 
sensitive to light, e.g., the decomposition of potassium 
tris-oxalatomanganese(III) trihydrate can be described by the 
following equation
2Mn3 + + Co0 . 2" ---^  2Mn2+ + 2C0o2 ' 2
These properties also support the ligand to metal charge 
transfer assignment.
Our spectra apparently support the charge transfer 
assignment for they are not consistent with simple crystal field 
theory as the energies involved in these transitions differ 
widely from those predicted. Combined with other crystallo- 
graphic and spectroscopic evidence the most likely assignments 
of these absorptions are:-
5 ......... -^ T (near 20,000 Cm. “^ )
2g ’
t ° —  ,> t0 (8000-15000 Cm!1
lg 2g
ligand metal
In view of the solution studies undertaken in the present, 
work (see later), in which it is shown that the changes in the
environment of the manganese(III) ion may produce large changes 
in the stability of this ion with respect to reduction, it is 
reasonable to suppose that a mechanism for reduction should be 
readily available and this could come from the type of ligand— 
metal charge transfer described here.
(©) INFRARED ABSORPTION SPECTRA 
A polyatomic molecule has several possible vibrational 
modes and each mode that leads to a change of* dipole moment 
during vibration can cause infrared radiation to be absorbed 
by the molecule of a frequency equal to that of the particular 
molecular vibration. Considering a molecule of N atoms, 
each atom has three degrees of special freedom, corresponding 
to three cartesian coordinates, and thus the system of N atoms 
baa 3N degrees of freedom, • Not all of these degrees of 
freedom can lead to internal vibrations, however, for amongst 
the 3N independent linear Combinations of these atomic degrees 
of freedom, three of them describe translation of the molecule 
as a whole (along space-fixed cartesian co-ordinates) and three 
more describe rotation of the molecule as a whole about its 
three mutually perpendicular axes through the centre of mass. 
Therefore the number of fundamental vibrations of an N-atom 
molecule is just 3N-6. However, for the special case of a 
linear molecule, the number of molecular vibrations is 3N-5* 
as there are only two axes about which rotation of the molecule, 
as a whole, is considered.
2 -Thus, the polyatomic nonlinear malonate ion )
will have (3x9-6) = 21 normal vibrations. If the potentially
bidentate malonate ion is co-ordinated to a metal atom, there
Cl50]
will be 24 normal vibrations (3x10-6) = 24. Schinelz et al. 
have described the 21 normal vibrations of the malonate ion
in the following way:-
Two CHg stretching vibrations,
One GH^ bending vibration,
One CHg wagging vibration,
One CHg twisting vibration,
One . rooking vibration, 
symmetric and antisymmetric CC stretching vibrations,
T w o .symmetric 0C0 stretching vibrations,
Two antisymmetric 0C0 stretching vibrations,
One CCC ben ding vibration,
Two OCO bending Vibrations,
Two OCO wagging vibrations,
Two OCO rocking vibrations, and 
Two OCO twisting vibrations 
A pictorial description of the vibrational modes is given in 
Figure 17.
The symmetric and antisymmetric OCO stretching vibratio 
of the malonate ion become the C = 0 stretching anc C-0 
stretching vibrations of the acid, when the latter couples 
with the ±n-£>lane OH deformation vibration. The out-of-plane 
deformation vibrations also must be taken into account. In 
other respects the vibrations of the malonate ion and aalonic 
acid are quite similar.
The spectrum of malonic acid was obtained, and the 
assignment of the observed bands was performed by a comparison
r 1301wxth the results of Schmelz et al. The bands observed in
our spectrum are in good agreement with those observed by
VIBRATION MODES IN THE MALONATE ION
SYMMETRIC
STRETCHING
ASYMMETRIC
STRETCHING
BENDING WAGGING
ROCKING TWISTING
Schlemz et a l E ^ ^  who have also assigned the hands observed 
in the spectra of the sodium salt of malonic acid, Ma^C^H^O^ 
and of the potassium salt of malonic acid, KgC^H^O^.xH^O 
(see Table XVXX).
Thus, the three absorption bands observed in the 
spectrum of KgC^HgO^.xH^Q at 143&, 1268 and 937 Cm7*** are 
assigned to CH^ bending, wagging and rocking vibrations, 
respectively. Similarly, the corresponding bands present in 
the spectra of Na^C^HgO^.H^Q and malonic acid easily can be 
assigned.
-i IA very strong band at about 1600 Cm. and another
-1strong band at about 1400 Cm. observed in the spectrum cf 
malonate ion are assigned respectively, to the antisymmetric and 
symmetric OCO stretching vibrations.
The carbon-oxygen stretching vibrations of the 
malonate ion correspond to the C = 0 and C-0 stretching 
vibrations of malonic acid. And hence the C = 0 stretching 
vibrations in the acid are assigned to the 1742 and 1704 Cm.^ 
bands; the C-0 vibrations, coupled with in-plane OH
-1deformation vibration, are assigned to the 1435 and 1311 Cm.
bands respectively. 'The broad band observed in the malonic
-1acid spectrum at about 920 Cm. corresponds to the out-of-plane 
OH deformation vibration.
The CC stretching frequencies in malonic acid as well 
as in the malonate ion are considered to appear as a double 
band with a-separation of some 200 Cm. The 955 and 1190 Cm." 
bands observed in the spectra of the potassium salt and the
TABLE XVXIa
-1Observed Frequencies (cm ) of Malonic Acid, Sodium Malonate
and Potassium Malonate
Assignment c h 2 (cgoh) 2
— ..... . ........ 2----------------an
Na2(C3H2°4) *H2° j V S W * 3^ 0
Y(H20)b 3420m.,3120m. 3460s.,3300w*,
V(CH) 29853b. 2970sh
3200m.
2950sh.
y ( o h ) 2688m,sh,b. - -
y(0H) 2577m,sh,b. - -
y(C=0) 1742s., - -
6 ( h 2° ) °
1740s.
1650s . 1645m.
y(OCO)antisym - l600vs. I563V,s,b .
y(0C0)antisym - 1562s. -
y(C0) +& (OH) 14353. -
CH^ bending I4l8s. . I445sh.,1428m. ; 1436s.
y(OCO)sym. - 1390m. 1405s.
y(OCO)sym. - 1370s. 1370s.
5(0H)+y(C0) : 1311s. - -
CHg wagging 1218s. 1268s. 1268m.
y(CC)antisym 1171s. 1200m.,1195m. 1190m.
y(CC)sym. 959m,sh,b. 962m. 955m.
CHg rocking ; 931m,sh. 9 3 6 w . , 9 2 4w . 937w.
71 (OH) 918s,b. - -
OCO bending - 813m.,790m. 8l6w.
5(COOK) 769s. - ■ -
OCO wagging - 705s. 700s.,66Om.
tt(COOH) 654s.
s = strong; m =. medium; w = weak; v = very; sh = shoulder; 
b = broad; y , 6 and n denote stretching, in plane 
deformation and out-of-plane deformation vibrations 
respectively*
b cThe stretching vibration of water* The deformation
vibration of water.
r 150]* From reference .
959 and 1174 Cm*'*' bands observed in the spectrum of malonic 
acid are assigned to symmetric and antisymmetric CC stretching 
vibrations*
Assignment or the Observed Frequencies of the Malonato-
manganese(XII) Complexes
The assignment of* the observed frequencies in these
coordination complexes has been carried out using the assignments
of* the malonic acid and its simple salts listed in Table XVII
ri5oiand in general, follow the assignments made by Schmelz et al* 
for the malonato complexes of the other metals* The infrared 
spectra of malonic acid and the potassium bismalonatodiaquo- 
manganese (XII) dihydrate are compared in Figures 18 and 19..
The absorption bands of the metal complexes near
— T — 11380 Cm7 (see Table XVIII) correspond to the l^Gp Cm* band of
the simple malonate ion (potassium salt) assigned to the
OCO symmetric stretching vibration. The strong absoriotion
bands observed near 1623 Cm!'*' in the spectra of the complexes
— 1(see Table XVIXX) correspond to the broad band at 15^3 Cm. 
present in the spectrum of the potassium salt. This has 
been assigned to the OCO antisymmetric stretching vibration*
Thus it could be seen that the OCO symmetric frequency 
in the metal complexes has shifted to lower energy than the 
corresponding OCO symmetric frequency of the simple malonate 
ion (from 1405 to ~ 1380 Cmr^), and the OCO antisymmetric 
frequency has shifted to higher energy than the corresponding 
antisymmetrie frequency in the alkali metal salt (from 15^3 to 
~ 1623 Cm7 )* Similar changes have been observed by
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r 1 5 0 1Schmelz et al* in the bismalonato complexes of* Pd(XX) and
Cu(XX) and the trismalonato complexes of* Fe(IXX), Al(XII), and 
Cr(III).
Schmelz, Quagliano et al£^*^ have studied the
corresponding oxalato complexes and have also attempted to
determine the degree of covalency of metal-oxygen bonds from
a relation of the type:-
~ , Vester - YcomplexCovalency =s  ■■— -     
Yes ter - Yoxalate
They found covalency values of - 0,5 using the CCO antisymmetric
and 0C0 symmetric stretching vibrations* Schmelz et alf'**''*^
concluded that as the shifts in the CCO symmetric and 0C0
antisymmetric stretching vibrations are less than those observed
in the corresponding oxalato complexes, the metal-to-ligand
bonds of the malonato metal completes are more ionic than
that of the oxalato metal complexes* The malonato-manganese(III)
complexes studied here can be included along with the malonato
r 1 cqI
complexes studied by Schmelz et al* and a similar conclusion
for the metaX-to-ligand bond may be drawn as the shifts observed 
in the 0C0 symmetric and 0C0 antisymmetric stretching vibrations 
in both the cases are comparable* For example, in the 
trismalonato complexes of Fe(III), Al(XXI), Cr(XIX) and the 
bismalonato complexes of Pd(XI), Cu(IX), the 0C0 symmetric
-1frequency shifts to lower energy, i*e* from lk05 ^0 ~ 1380 Cm.
and the 0C0 antisymmeiric frequency shifts to higher energy,
-1i*e. from 1563 to ~ 1625 Cm. * Thus it could be seen that 
these values are in an excellent agreement with those of the 
iaalonatomanganese(XXI) complexes*
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In the complexes, C^HgNCltnCHgO) 2H ^0 , NHj^[Mn(HpO) ^Iv,] ,
(CH3 ) 4N [ Ih i ( H 2 0 ) 2 L 2 ] ,  (C 2H5 )^ N [M n (H 20 ) 2 L 2 ] ,  E n H [M n (H 20 )  2 L 2 ] * 2H20 . H ? L 
and CHgM^[linCHgO)2 L2 ] , more complicated spectra were observed 
and these were used to confirm the formulations of the complexes.
C5H6N[Mn(H20)2L2].2H20 (1) Two
Xmedium absorption bands observed at 3049 and 3086 Cm. may be 
C-H stretching vibrations as pyridine shows CH absorption in 
the range 3070-3020 Cm!1
(2) Mitcheli^'^ has shown that the strong absorption
observed at 1440 Csn.^  in ligand pyridine, is shifted to
—1higher frequency (1480 Cm. ) when pyridine is present as a
cation, i.e. as C^H^N*. Similar but smaller shifts have been
[*154]also observed by Greenwood and Wade . According to
r 1 5 3 ]Mitchell this band arises from in-plane ring deformations
Thus the strong absorption band observed at 1493 Ce /
in our spectra can be interpreted in a similar way and it can
be concluded that pyridine is present as a cation in the complex,
-1(3) The weak band at 1170 Cm. may be assigned to the
[153]absorption arising from C-H in plane deformation and such
a medium strength band is observed at il60 Cm.^- in the 
pyri dinium i on.
(4) The weak bands observed at 1062 Cm.^, 1036 Cm.*^
-1and 1029 Cm. may arise from totally symmetric in-plane breathing 
frequencies .
(5) The strong band observed at 683 Cm/" and the weak
—1 — 1bands observed at 667 Cm. and 608 Cm. may be assigned to
- 130 -
r 1 5 5 1various groupings of vibrations and are present both in
pyridine and in the.pyridinium ion.
NEijk [MnCHgO) gLg] : - In this complex along with the
  ^
other absorption bands one more, weak absorption near 1418 Cm.
is found. This absorption may derive from the ammonium ion 
as it has been shown that several ammonium salts show absorption 
in the region 1430-1390 Cm7^ ^56]^
(CEL ) ^ N[Mn(HpO) 2^2  ^ : ~ ^^e assignment of the additional
r 1571absorption bands follows that of Ebsworih et al. . The
— 1very strong band observed at 1484 Cm.’ is assigned to an
antisymmetric bending vibration of the C-H bands and a strong
— 1 —1band at 1408 Cm. and a weak one at 1397 Cm. .are assigned to
the symmetric bending vibrations of the C-H bonds.
(C0H_), M[Mn(Ho0)0L0] :- The additional absorption
_
bands observed were compared with the absorption bands observed
in the spectrum of (C^H^^NBr. It was found that many of the
bands in the two spectra showed good agreement. For example,
-1medium bands are observed in both the cases at 1712 Cm. The
other bands observed in close agreement are:-
—1 —1 Complex (Cm. ) Salt (Cm, )
1387 vs. 1374 s.
1074 w. 1070 m.
IO56 w. 1050 m.
1000 w. 1000 s.
796 s. 799 s.
These similarities show the presence of (C^H^^N
cation in the complex.
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EnH[Mn(H20)pL2].2H20.IIi The compound itself
has a very complicated composition and several additional 
absorption bands were observed. It was difficult to assign 
the absorption bands observed because of the general complexity 
of the spectrum. The infrared spectrum, therefore, gave no 
confirmation of the analytical formulation In this case.
CHgN^[MolHgQ)2^2  ^ *" -^n ^ d s  complex we could not
observe any other distinguishable absorption bands along with 
the absorption bands due to malonate ion and water molecules.
The infrared spectra of malonic acid and jthe complexes
— 1also show absorption bands in the regions 430-480 Cm. and 
— 1
500-600 Cm. The positions of the bands and their intensities 
are summarised in Table XIX. An assignment of these bands is 
not attempted here, but it could be said that they do not arise 
from metal-oxygen stretching vibrations because these usually 
occur at lower frequencies than these.
In conclusion, then, the infrared spectra confirm the 
presence of bidentate malonate ion in these complexes. The 
spectra of the tris- and bis-complexes are similar and these 
spectra offer no criteria to distinguish:-
(a) bis- from tris-complexes,
(b) trans bis-complexes from the corresponding cis
formulations.
The spectra neither confirm nor deny the presence of any 
distortion from octahedral symmetry in either series of complexes.
The complicated nature of the spectra makes a complete
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TABLE XIX
The Absorption Bands Observed in the Regions 
430-^80 Cml1 and 300-600 Cm!1
Compound 430-480(CmI1) 500-600 (CmT*1
c k2(c o o h )2 429 S, 451 S 573 S,590 S
Li[MQ<H20)2L2].3H20 463 s 515 Sb
Na[l-in(H20) 2L2] . 2H20 478 S 538 mb
ifaCliiL ] 484 wb 1 5^3 wb
E[I>4i(H20)2L2].2H20 469 Sb 537. Sb
K[Fm(H20)2L2] 480 S 565 S
K [MnL,].3H20 450 wb 521 wb
[ItoL ].H20 459 Sb { 529 wb
■fi
Rb[Mti(H00)L„] 479 s 578 S
Cs [i*i(h 2o )2l 2] 478 mb 576 S
t i [i& ( h 20)2l 2]
&IS0CO 578 S
NH4D-fa(H20)2L2] 480 mb 578 S
(CH )4N[Mn(H20)2L2] 481 Sb 554 S
’ (c 2h 5)4n [m «i(h 2o )2l2] 474 Sb «.
4-57 w -
CHgN3[l-ta(H20)2L2] 464 Sb 576 Sh
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analysis difficult but the limited assignments reported here 
are important in that they confirm analytical formulations and 
show that the bonding in the bis- and trxs-ccmplexes is very 
similar*
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P A R T  II 
SECTION I 
N T R O D U C T I O N
- 135 -
(A) STABILITY CONSTANTS
Many ions or molecules react with ligands in the 
stepwise formation of complexes, these complexes may be molecules 
(e.g. HgClg, HgCSCN)^, or more frequently ions (e.g. [Ag(CN)g] ,
p J. X
[Cu(NH^)^_] , [Ag(NH^)2] ). The generalised metal complex
formation reaction is represented by the following equation from 
which charges are omitted for convenience:-
M + nL   ML , (where M = metal ion, L = ligand).
If the stability of the complex formed is considered in 
terms of the equilibrium constant, then the equilibrium 
constant K, is:-
Ki = (where square brackets indicate concentrations)
If more than one ligand is bound to the metal ion the stepwise, 
or successive reactions and their corresponding equilibrium 
constants can be represented as follows:-
ML + L   ML„ ; K„ = M^L2^
   2 2 T m l JIlI
ML„ + L ---» ML„ ; K„ =
2 -—  3 3
ML , + L --- =» ML ; K =
n'1 "---- n n tM^jpiLj
By combining all of these equations for the reaction steps, an 
overall metal-complex formation reaction and the overall 
formation constant may be written:- .
M + nL  --* ML , ; K = *-MLn^
   n Tm ITlJ5
And hence it will be seen that,
e  = ::,.k 2.ic3  ....   sn
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A series of functions, (3* |3 , (30 ......  (3. represent theo x & n
overall stability constants derived from equations of the type
M + nL “r? ML n
Thus: P = S = 1o o
p, =
p2
M [ L ] 2
n [ML ]
= n = K
[M[[L]n 
and |3 = ......., n n
The expressions for the j3 values may thus be written in terms 
of the stepwise equilibrium constants.
It is sometimes possible to keep the activity 
coefficient y of each species constant throughout a series of 
measurements. The stability constants defined above are 
expressed in terms of concentration quotients and are 
stoichiometric stability constants. Stability constants 
expressed in terms of activity quotients are sometimes' called
thermodynamic stability constants and are signified as
T TK and B whore: -n n
K = [MLn ] TK Ym L*-1Y ln TiBvprrr - “ •*-
n
P. =
n n n ^ML[M][L]n n
It will be assumed here that the activity coefficients and,
hence, K and 8 can be kept constant within the limites of 
’ n n
experimental error. The reciprocal of the stability constant
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gives the instability constant. The values of stability 
constants are also expressed in terms of their logarithmic 
values. The stability of the complex is characterised by its 
stability constant, i.e. the greater the stability constant, 
the greater is the stability of the complex.
A number of methods have been used to determine stability 
constants. Several investigators have determined the successive 
stability constants and the overall stability constants of the 
complex species formed when a metal ion M reacts with various 
carboxylic acids i, Some of the data related to acptic acid, 
malonic acid, citric acid, and malic acid will be discussed 
briefly.
The various reactions studied here are carried out in 
aqueous solution. Measurements have been carried out using 
a glass electrode for the determination of successive or overall 
stability constants unless otherwise stated. A representative 
selection is given here. As so far the metal ions are concerned* 
manganese(XX) will be discussed here since the reactions of 
this ion form a part of the present work. Other metal ions 
are selected as examples when data for manganese(IX) are not 
available.
(a) For acetic acid (CH^COOH = HL), the logarithmic 
equilibrium constant for the equilibrium
II+ + L~   HL
1-1581
is given as XogK = 4.59 • • complex formation between
manganese(II) and acetate.ion has been represented by the
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equilibria:-
P -4- — 4-
Mn + L -- -** ML . .................  (1)
ML+ + L” ---^  ML- . ............... . (2)XT"-.'-." 2
The logarithmic equilibrium constants for the equilibria (1) 
and (2) are, logK^ = 0.84 and logK^ = 1.22 respectively^"**^^ .
(b) For maIonic acid (HgCCCOOH)^. = H^L) , the association 
of the ions can be represented by the equilibria
H+ + L2~  ^ HL~  ...........  (1)
+ IH + HL  2s. H L ............. (2)
   ■ 2
The logarithmic equilibrium constants for the equilibria (1)
r i 6q iand (2) are, logK = 5<»60 and logS0 = 2.80, respectively .J. CiA
nfin
Nair and Nancollas have determined the logarithmic
equilibriuEi constants for the association of manganese(II) with 
malonate ion at various temperatures between 0°C and 45°0 from 
electromotice force (E.M.F.) measurements.
The association is represented as follows:
P 4- P —
Mh + L — <— ^  MnL^ ---
The various values of logarithmic equilibrium constants are, 
log^ = 3.11 (0°C), 3.19 (15°C), 3.27 (25°C), 3.37 (35°C),
3.48 (45°C)»
T l62lIn the case of copper(II)^ Gelles and Nancollas
have determined polarographically logarithmic equilibrium
constants for the equilibria,
Cu2+ + L2”  ^ C u L ..... . (1)---
Cu + 2L2~   ^  CuL2 ........... (2)  2
and those authors report logK^ = 5-81 and log (3^  = 7.73
for equilibria (l) and (2) respectively.
For the tris-malonato complexes of iervalent metal
ions, e.g. aXuriinium(IIX), the successive stability constants
fl60lcan be obtained from the equilibria1* :
Al3+ + L2- ^  A1L+ , K = J-AlL p
^  1 [Al ][L ]
A1L+ + L2"  AIL", IC„ = £A1L2]
[A1L+][L2-]
AIL" + L2"--‘---s- AIL;*" , K„ = ^A1L3 ^2 xr-- ■ 3 3 — — ---—
[A1L"][L2-]
The logarithmic equilibrium constant logK^ is given as 4.06 
and the overall logarithmic equilibrium constant, logj3^ , i„e. 
for the equilibrium,
Al3+ + 3L2" — — =-AlL3" . = [A1L3 ]—  3 3  —7
[A13+][L2-]3
18 15.84^160-^
Similarly for gallium(IXI), the value of XogK^ is 
2.67 and that of logp^ is 13.67^^°^.
(c) Citric acid (COOH.CH_.C(OH)COOH.Clh .COOH = H.L)2 hs.
may function as a tribasic acid, H^L as well as a tetrabasic 
one, II, L.
If it functions as a tribasic acid, H^L, the following 
equilibria would be present in solution:-
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The logarithmic equilibrium constants for the above equilibria 
are, loglL^ = 5*62, logK^ = 4.34, and logh^ = 2.91 for the 
equilibria (1), (2) and (3) respectively^**^3*^. If the acid
functions as a tetrabasic acid, K^L, one more equilibrium 
constant will be involved and the four logarithmic stability 
constants are, logK^ = 11.6, logK^ = 5.49, logK^ = 4.39 and 
loglCj^  = 3.08 ^ 164
Anions of citric acid (H^L) form complexes with several 
metal ions, e.g., with manganese(II), where the association 
taking place could be j
px
Mn + H nL - MnHrtL
2  v 1 " * 2
The logarithmic stability constant, logS^, for this reaction 
is 2.OS1-163-*.
Fl65lLefebrve has studied the reactions with copper(II),
and the various species present in the equilibria are:-
2Cu 2+ + 2HL3 ~ + 2 OH ---^  Cu0 (HL) (OH) ........   (1)
V  * 2 2 2
2Cu 2+ + 2HL3” ---^  Cu0(HL)2“  .... ...... . (2)
  ■■* 2 2
and Cu2+ + HL3~  CuHL“ .....       (3)
The logarithmic equilibrium constants for the equilibria (1),
(2) and (3) are logK^ = 33*2, logK^ = 12.08, and logK^ = 5.2
respectively. Measurements were carried out using a glass
electrode and by spectrophotometry.
Similar measurements have been carried out with iron(III)
the equilibria involved are:-
Fe3 + + H_L2- ---!>» FeH„L+ ..............    (1)2 *5--- 2
Fe3+ + HL3~ ---^  FeHL ........     (2)
^  -
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The logarithmic equilibrium constants for the equilibria (1) 
and (2) are logK^ = 6.3 and logK^ = 11.85 respectively.
(d) For malic acid (CH2.CQQH.CH(QH).CQOH = HgL), the 
logarithmic equilibrium constants for the equilibria 
H+ + L2~ --- ^ HL“ ................... (1)
"V "*—
H+ + HL -^  H „ L ................   (2)^   2
are loglL^ = 4.68 and logK^ = 3.26 respectively. The measurements
were carried out using a hydrogen electrode .
For the association of raanganese(XI) with malate ion,
Mn2 + + L2~  ^  MnL /■y —  1
the logarithmic stability constant determined by an ion-exchange 
method is logK = 2. 2 4 ^ ^ ^ .
As discussed earlier, the stability constant is related 
to the stability of the chelated ion. Li et a l . ^ ^ ^  have 
studied the chelates of manganese-54 with various dicarboxylic 
acids in which they consider that chelation has taken place 
through two carboxylate groups. The logarithmic stability 
constants reported for these chelates are:-
Acid logE
Oxalic 2.93
MaIonic 2.30
Succinic 1.26
Glutaric 1.13
Pimelic 1.08
Azelaic 1.03
The above data reveal that the order of chelate stability 
decreases as one goes from oxalate to azelate.
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If* one studies chelate formation with one metal ion in 
various oxidation states with, the same chelating agent, it would 
be possible to show from the stability constants which 
oxidation state is the more stabilized. The data given in 
Table I show that with all the ligands studied, the tervalent 
metal ion is more stabilized than the bivalent one. The 
stability constants are given in terms of logarithmic stabilit}^ 
constants.
B * ELECTRODE POTENTIALS
I
(a} Standard (or reduction) potential of the metal
When a metal is immersed in a solution containing its
own ions, e,g0 zinc in sine sulphate solution, a potential
difference is established between the metal and the solution.
The potential difference E for an electrode reaction:-
Mn+ + ne — ^  M v ..
is given by the expression:-
E = s° + If lnaMn+ .....      (1)
(where R = the gas constant, T = absolute temperature,
F = the faraday, n = the valency of the ions, = the activity
of the ions in the solution and E° = a constant dependent upon 
the metal). By suitable substitution and manipulation the 
above equation becomes (at 25°C):-
E = E° + .... . (2)
For most purposes, it is sufficiently accurate to 
substitute *>y j^yjn+» on concentration (in g„ ions per
litre):- E = E° + logC^^n+
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TABLE I
Itigand Metal logK
Ka c
Citric acid(H^L)
Mn. (11)Y 13c64^1^9^
HHHjEjA 24,90[170]
Cr(II)y 13.6q *^171^
Cr(III)Y 220 40^171*^
Fe(II)Y l4„33^1^2^
Fe(III)Y 25.10172-J
Co(II)Y 15 .7^l69-I
Co(III)Y 40.6G^ -17-^
Mn( II)C 17o4g ^J-74"
Min( XII) C 28.90^9?'^
Mn(II)E XG.70ri75]
Mn(III)E 22.7C^92-^
Fe(II)H L 2.12^1^°-‘
Fe(III)H2L 6.30Cl66]
Fe(II)HL 3.08[l66]
Fe(III)HL 11.85[l66]
If in equation (2), G]^n+ Pu^ equal to unity, E is equal to 
o oE . E is the standard (or reduction) TDotential of the metal.
Some standard electrode potentials referred to the 
standard hydrogen electrode at 25°C (in aqueous solution) 
are collected in Table II,
TABLE II 
STANDARD ELECTRODE POTENTIALS
Electrode Reaction E°(volts)
Li+ + e Li - 3 . 0 4 5 I
K+ + e K - 2 . 9 2 5
2 +Ba + 2e— Ba - 2 . 9 0
Zn2 + + 2e Zn - 0 . 7 6 3
Cu2 + 2e* — ^  Cu + 0 .3 3 7
Ag + e Ag + 0 . 7 9 9
Pt2++ 2e — *» Pt +0.12
3 +Au +3© Au + 1 . 50
T
The standard electrode potential is a quantitative measure of 
the readiness of the element to lose electrons. It is 
therefore a measure of the ability of an element to act as a 
reducing agent in aqueous solution; the more negative the 
potential of the element, the more powerful is its action as 
a reductant.
(b) Oxidation-Reduction Systems
A species is reduced if it gains electrons, whilst
oxidation is accompanied by loss of electrons. In a system 
containing both an oxidising agent and its reduction product, 
there will be an equilibrium between these species and the 
electrons. A reversible oxidation-reduction system may be 
written in the form (oxidant = substance in oxidised state, 
reductant = s^lbstance in reduced state)
Oxidant + ne — —■*»» Reductant
or
Ox. + ne  Red.
If an inert electrode, such as platinum, is placed
in a redox system, for example one containing iron(III)and
iron(II) ions it will assume a definite potential indicative
of the position of equilibrium. If the system tends to act
as an oxidising agent, then iron(III) ion will tend to be
reduced to the iron(II) state and the system will take electrons
from the platinum electrode, leaving the latter positively
Charged. If, however, the system has reducing properties 
2+ 3 +(i.e. Fe Fe ), electrons will be given up to the metal,
which will then acquire negative charge.. The magnitude of the 
potential will thus be a measure of the oxidising or reducing 
properties.
To obtain comparative values of the ,!strengths” of 
oxidising agents, it is necessary, as in the case of electrode 
potentials of the metals, to measure under standard experimental 
conditions, the potential difference between the platinum 
electrode and the solution, relative to a standard of reference. 
The primary standard is ’the standard or normal hydrogen electrode
and its potential is taken as zero. The standard experimental 
conditions for the redox system are those in which the ratio 
of the activity of the oxidant to that of the reductant is
3 *4* O |.unity. Thus for a iron(III)-iron(II), (Fe , Fe ) electrode, 
the redox cell would be:
Pt,K2 H (a=l) Fe3+(a=l)
Fe2+(a=l)
Pt
The potential measured in this way is called the standard 
(reduction) potential.
The electrode potential which is established when an 
inert electrode is immersed in a solution containing both 
oxidant and reductant is given by the expression:
E = S°  + —  1
T nF »' •Red
(where = the observed potential of the redox system at
temperature T relative to the standard or normal hydrogen
electrode taken as zero, E° = the standard potential (reduction))
E° is the value of Em at unit activities of the oxidant andi
reductant. It follows from this expressinn that, for 
example a ten-fold change in the ratio of the concentration
of the oxidant to the reductant will produce a change in the
0 0591 opotential of the system of — .. . volts.at 25 C.
Formal Potentials:-
n
These are the potentials determined experimentally 
in a solution containing equal formal concentrations of the 
oxidised and reduced substances and other specified substances 
at specified concentrations. In dilute solutions they usually
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obey the Nernst equation fairly closely in the form
E = E°’ + ° .^ 9 1  l o  I 2 2 E I  at 25°C
n ® [i-ied] ^
t-»o ^(where E the formal potential and corresponds to the value E 
at unit concentrations of oxidant and reductant)* The formal 
and standard potentials of some half reactions are summarised 
in Table III*
(c) Effect of complex formation on electrode potential
The qualitative effect upon the electrode potential 
of the formation of relatively stable complexes in solution is 
easily seen from an examination of the half reaction* Changes 
Of activity which would favour the forward reaction (reduction) 
will increase the electrode potential of the system and any 
influence tending to shift the reaction in a reverse direction 
will lower the electrode potential of the system.
Consider, for example, the electrode potential of 
silver in a solution of its ions. The standard potential, E°, 
for the half reaction,
Ag+ + e -'-■■■-*» Ag, is E° = 0.799^*
In the presence of ammonia, the activity of the silver ion is 
lowered considerably owing to the formation of the relatively 
stable diammine complex ion. The dissociation of the latter 
is represented by:-
Ag{NHrt)„  -- ^  Ag+ + 2NH„, Ki = 6.2 x 10”8
j " ri j
(where Ki = the "instability constant” of the complex ion).
For this reaction, a value of E° = -0.426 can be computed from
the relationship Q 2 3026RT
E =   logK
ir ■" •' . ..
Standard Formal Potentials (volts) in
Half Potential t
Reaction’ (volts) 1M 1M 1M Other Solutions \
HC1 HCIO^ H2S04 \
Cr + e Cr -0.41 ~ -
1
-0.37 (Q.5M H^SCy.) i & ~
-0.40(5M KOI)
3+ 2+ Ti +e ^  Ti -0.37 - - -
4+ 3 + Ti +e ^  T±J -0 .05(1M H3P0a) 
-0.01(0. 2M HoS0.„) ' 
+0.12(2M HgSO^)
+0.|20(4-M H rjS0, )' eL
Tl++e — v xi•Vs—* -0.3363 -0.551,-0.33, -0.33 -
i 2 + _ _iPb +2e — Pb ■n— * -0.126 - ,-o.i4f -O.29 -0.32(21-1 NaAoC) 
-0.005(IK HNO )
2H +2e — K2 0.000 -0.005,-0.005, - -
r \ 2 "I* +On +e — *■■ CuX«-— +0.153 +0. 4>, — -
j
pe3++e Fe2+
V~ +0.771 +0.700,+0.732, +0.680 +0.61(0.5M HwPO.)J **
Tl3++2e ^  Tl+
i -
+1.25 +0.77, +1.26, +1.22 +1. 23 (1M HNO^)
r» 4+ •%_/-» 3 + C© "t*© r 1 0© +1.6l - , +0.17, +1.144 +1.6K1M HNO,.)3
iCo3++e — ^ Co2+
1 's"~" ii
j
— 1 — - - +1.85(4M HN0o)
5 t 
+1.82(8M H oS0.)
Ca  jZ
•i/r 3+ , 7/r 2 +
An +e — Mr. - - .+1.5(7.5M HoS0-,)
‘.J *A
(where K = the equilibrium constant). Adding the two half 
reactions and their respective standard potentials gives
Ag(NH^)g + e — — Ag + 2NH , E° = 0.373V.
There is as esroected, a decrease in the potential of the silver
electrode, attributable to the lowered activity of silver ions
in equilibrium with the complex ion. Likewise, bromide ions
3 + +lower the potential of the system T1 /T1 as bromide forms 
a more stable complex with thallium(III) ion than with 
thallium(X) ion. A shift in the opposite direction is noted
in the potential of the half reaction |
2 +  \ ^  +Cu + e — Cu
"'v---
when chloride ion, which forms a more stable complex with
copper(I) ion than with copper(II) ion, is present. The standard
3 *i" 2 *f*potential of the system Fe /Fe is 0.771V. when the solution 
contains only simple ions. The presence of hydrochloric acid, 
phosphoric acid, or EDTA, which complex more strongly with the 
iron(XXX) ion shift the electrode potential to a less positive 
value, e.g. 0.61V. in 1M HC1, 0.46V. in 2M H _ P Q . , and 0.11V.J ■£
in the presence of excess EDTA, alternatively, o-phenanthrclino,
which forms an iron(IX) complex, shifts the potential to a
higher value, i.e. 1.144V. The formal potential of the 
3 +
Ce /Ce system varies widely from one acid to another, sulphate 
forming very stable complexes with tetravalent cerium, and 
nitrate falling intermediate in this respect between sulphate 
and perchlorate, the latter forming no complexes. This effect 
is shown in Table IV which lists the formal potentials of the
4+ / 3+Ce /Ce system in various acids.
TABLE IV
4+ 3*fFormal Potentials For Ce - Ce Couple
Acid 
. Concentration
N
Potential (volts)
KCIG^ HNO^
1 1.70 1.61 1 A AJL0  ii, x
2 1.71 1.62 1.44
4 1.75 1 . 6 l 1.43
6 1,82 - -
; 8 
i 1.87
1.56
.
1.42
Thus, a shift of electrode potential, to a higher 
or lower value during complex formation is useful in 
determining which oxidation state is the more stabilised, Th 
shift in the electrode potential of the same couple with 
various completing agents determines the stability order
for the completing agents studied as is shown in Table IV
4t 3 +for the Ce - Ce system.
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SECTION II 
X P E R I  M E N T A L
r io^"iCartledge and Nichols have mentioned electrode
potential measurements of systems containing isanganese(III) 
complexes*, Cells were prepared which consisted of a normal 
calomel half-cell and a manganese(III)-manganese (II) half-cell*,
The latter contained manganese(II) sulphate (0.005M) and the 
bisoxalatodiaquomang&nese(III) or bismaIonatodiaquoaanganese(III) 
(Q.QGpM) in the corresponding free acid (0.1M); the electrode 
used was a platinum spiral. The calomel electrode was at room 
temperature, whilst the complex solution was at 0 C. No details 
of results, such as the standard or formal potential of the 
system, are reported. ^
In the present work the systems studied wares
(A) Electrode potential measurements with the complex, 
K[Ma(H20)2L ]#2H 0 and MnSO^.4H 0,
(3) Electrode potential measurements with manganese(III) 
and manganese(II) acetates in the presence of'trisodium citrate 
and malic acid.
(C) Studies of the formal potential at equal concentration 
of manganese(III) and manganese(II) ions in the presence of
(a) trisodium citrate and (b) sodium acetate at varying pH, in 
aqueous solution at constant ionic strength.
(D) S t a b i l i t y  constants of citric acid and the comp lex 
formation between manganese(II) and citrate ions.
(A) Electrode potential measurements with the complex,
IC[Mu(H0 0)0 L0].2H00 and MeiS0. . 00
im i. _■ r bin ■
The materials used were:
(1) The complex, K [ M n ( H p O ) .2H?0 which was prepared as
~ -L2J ~
described earlier (see page 5l).
(2) Manganese(II) sulphate, MnSO^.^H^OCA.R.).
(3) Malonic acid solution, which was standardised 
against standard sodium hydroxide solution using phemolphthalein 
as an indicator. The strength of the malonic acid solution 
used was about Q.1M.
(4) A saturated calomel electrode and a potassium 
chloride-agar bridge.
(5) A platinum black electrode.
n  761Platinum electrodes were platinised by immersion
in a solution containing l.Og. chloroplatinic acid and 0.008g. 
lead acetate in 3OeiL- of water. A current (2-3v. B.C.) was 
passed between them so that a gentle evolution of gas occurred*
The direction of the current was reversed every five minutes 
until a deep coating of platinum-black had been deposited, 
and the electrodes were then washed thoroughly with distilled 
water to remove adsorbed salt. They were kept in a beaker 
containing distilled water.
E.M.F. was measured using a type 333? B potentiometer 
(H. Tinsley and Co., London). The galvanometer was a 
Scalamp (W.G. Pye and Co., Ltd., Cambridge). The sensitivity 
was kept at 1.0.
It has been already shown that the complex,
K[Ma(Ho0)oLo],2Ho0, in aqueous solution, decomposes and depositsCa GA & dL
hydroxides of manganese" and henca the measurements?
were carried out in approx. 0.1M malonic acid. The solution
spectra of the complex in approx. 0.1M malonic acid were
measured on a Unicam S.P. 800 spectrophotometer at room temperature.
-1It was observed that the maximum absorption at 4?5mp (21052 Cm )
showed a decrease in optical density with time, indicating a
fall in the manganese(1X1) ion concentration. Hence similar
ospectral measurements were carried out at near 1.0 C, but at 
this temperature, a decrease in optical density was observed, 
which was., however, smaller than that observed at room temperature. 
Hence the measurements were carried out at 0°C, although at this 
temperature, the possibility of decomposition of the manganese 
species could not be completely eliminated.
As shown' in Figure 1 the potential was measured, using 
a platinum-black electrode, in cells consisting of a saturated 
calomel half-cell and a manganese(III)-Manganese(II) half-cell.
The latter contained manganese(XI) sulphate and the complex, 
Il[Mn(Ho0) L ].2Ho0 in 0.1M malonic acid. The concentration of 
the complex was kept constant while that of sulphate was varied 
to get various reaction mixtures. The calomel electrode was 
at room temperature, whilst the manganese solution was at 0 C.
The platinum-black electrode and the saturated calomel electrode 
were separated by a potassium chloride-agar bridge. As shown 
above, the solution of the manganese(III) complex decomposes 
with time even at low temperature, and hence to minimise the 
error in the measurements the complex itself and manganese(II) 
sulphate were weighed out for each measurement* The weighed 
samples were dissolved in 50ml. malonic acid (0.09191M) contained 
in the cell. The cell was kept in &n ice-bath maintained at
Q
0 C, As the amounts of the complex and sulphate were small, 
care was necessary in transferring the substances to the malonic
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acid solution. Xn order to avoid tliis transferring difficulty, 
both the substances were weighed separately (the complex was 
finely powdered to speed up the dissolution) in small weighing 
bottles and then, the bottles containing the samples were 
placed in the malonic acid solution and the dissolution was 
completed by bubbling nitrogen through the solution* Dissolution 
required 15-20 minutes.
In any single run, a fall in E.M.F. with time'was 
observed, which was attributable to the instability of the 
solution. The results are summarised in Tables V to VII and 
Figures 2 and 3. ^
(B) Electrode potential measurements with manganese(XXX) 
and manganese(XX) acetates in the presence of trisodium citrate and
malic acid
As no solid complexes of manganese(XXX).with malate and
citrate ions are known, manganese(XI) acetate tctrahydrate
(Hopkin and Williams, Ltd., G.P.R.) and manganege(XXX) acetate
dihydrate, which was prepared as described below, were taken
as starting materials. Manganese(XX) and manganese(XXX)
acetates were dissolved in 0.1M malic acid (BL-malic acid, B.D.H.)
or trisodium citrate (A.R.) and the measurements were carried
out as described above. Xn these cases also a fall in E.M.F.
with time was observed. The results are summarised in
Tables VXXX to XIII and Figures k to 7.
ri77iPreparation of Mn(AcO) ^ . 211^ 0
This was prepared by the oxidation of manganese(XX) 
acetate in hot glacial acetic acid, by potassium permanganate.
The -compound was recrystallised from glacial acetic acid and 
dried over calcium oxide.
Manganese, carbon, and hydrogen were estimated as 
described earlier in Part I of this thesis.
Analytical Data 
Calcd. for Mn(AcO) .2H20 : Mn, 20.49 ; C, 26.87 ; H, 4.89 %
Found : Mn, 20.27 ; C, 26.63 ; H, %
(C) Studies of the formal potential at equal
concentrations of manganese(III) and manganese(II) ions in the
presence of (a) trisodium citrate and (b) sodium acetate at   [
varying pH, in aqueous solution at constant ionic strength
The required materials were:
(1) The perchlorates of manganese(II) and manganese(III)„
Preparation of Mn(ClO^)2.6Hg0 :- Distilled water 
(15ml.) was added to perchloric acid (60%, A.R-., 50ml.) and 
the solution was cooled to below 30°C. Manganese(II) carbonate
(B.D.K.) was then added with stirring. The addition of
carbonate was continued until some remained undissolved, this 
excess was filtered off and the filtrate was concentrated 
on a water bath at reduced pressure. When crystals appeared, 
the pressure was released and the crystals were collected. 
Recrystallisation was affected as follows. The crystals were 
dissolved in a minimum quantity of distilled water by warming 
on a water bath. The solution was filtered warm and the 
filtrate was left in a desiccator over calcium chloride for 
about seven days. The crystals obtained were collected, 
dried between filter paper, and left for two days in a
desiccator (CaCl ),
Manganese(XXI) perchlorate solutions- Tbis was
r 1 h o 1
prepared by the method of Fackler and ChawlaL " , Manganese(X
perchlorate (l„5g.) was dissolved in deionised water (100mjLj> , 
one ml. (Xml. = 15•Crag, of Mn( CIO^) 61^0) of this saint X OH vVciS 
diiuted to 25ml. with deionised water and 5ml. perchloric 
acid (60%) was added. To this solution 1.62ml, of a potassium 
permanganate solution (prepared in deionised water) containing 
X.Gmg,/ml. KMnO^ was added. The resulting solution was 
analysed for manganese(III) and also for total manganese, 
i,e. after reduction of manganese(III) to mangaiiese(II)
(see Part I, experimental techniques). Manganese(III) was
estimated iodometrically (see Part I, experimental techniques) 
with sodium iodide being used in place of potassium iodide to 
prevent the precipitation of potassium perchlorate. Total 
manganese was estimated using standard disodiumdihydrogen- 
ethylenediaminetetraacetate (Na^H^Y) solution#
Some typical results are given below. The amount 
of solution taken for analysis was 5ml. in each case, 
lodcmetrically : 0„4-3 95mg.
NagHgY method ; 0.44:04mg. Mn.
As the measurements show good agreement it was concluded that 
manganese(II) had been quantitatively oxidised to manganese(III;
For every experiment, the solution of manganese(III) 
perchlorate was prepared and analysed as described above 
whilst the required inanganese(II) perchlorate was added in 
the form of a solution of known strength.
(2) Sodium perchlorate NaClO^:-
Sodiuia perchlorate (B.D.H. laboratory grade) was
recrystallised from deionised water. The product was dried at
O I” 7 ^ ~j
130 C and allowed to cool in a desiccator (Po0_)
The experimental arrangements were similar to those 
shown in Figure I, but a glass electrode and a mechanical 
stirrer were introduced. In order to separate the manganese(IX 
manganese(III) half-cell from the saturated calomel half-cell, 
an ammonium nitrage-agar bridge was used in place of the 
potassium chloride-agar bridge which procedure prevented the 
precipitation of potassium perchlorate. Simu li aneous
measurements of pH and E.M.F. were 'thus possible0 The pH meter 
was a Pye Dynacap' > Pye and Co., Ltd., Cambridge) which
was standardised against standard buffer solutions for 
appropriate pH ranges.
(a) Trisodium citrate:- A ten-fold excess of ligand 
(-0,0014m ) over metal ion (-0.00014M) was maintained. Solutions 
of sodium perchlorate* manganese(III) perchlorate, manganese(II) 
perchlorate, trisodium citrate, and a concentrated solution 
of sodium hydroxide (A.R.) were prepared using deionised water. 
In the cell (a flat-bottomed cylindrical glass beaker), 
required volumes of sodium perchlorate, trisodium citrate 
and manganese(II) perchlorate solutions were added and the 
volume cf the solution was brought to l80ml, by adding deionised 
water. The cell was then placed in an ice-bath maintained 
at 0°C. The cell was closed with a lid, through which, a 
glass electrode, a platinum-black electrode, an ammonium nitrate 
agar bridge, and a mechanical stirrer were inserted. Arrangamen
were made to pass nitrogen over the surface of the solution.
Then the required manganese(III) perchlorate solution (20ml.) was 
added through an aperture in the lid using a pipette, and the 
pH of the solution was adjusted by adding sodium hydroxide 
solution through the same aperture from a burette, the volume of 
sodium hydroxide added was noted. Finally the volume of the 
solution was adjusted to 200ml. by the addition of deionised 
water, which gave final concentrations of trisodium citrate 
0.001429 M, manganese(III) perchlorate ~0.00015 M, and sodium 
perchlorate 0.3 M. The concentrations of trisodium citrate 
and sodium perchlorate were the same as shown abbve in every 
experiment but that, of manganese(III) perchlorate and hence that 
of manganese(II) perchlorate were not the same in every case, 
although the ratio of the concentration of manganese(III) ion to 
that of manganese(II) ion was always maintained at unify. The 
solution was mixed well by fast stirring and during the 
measurements, a slow stirring rate was maintained. The E.M.F, 
measurements were carried out after about 30 minutes. As 
described in the previous experiments, a fall in potential with 
time was observed, and hence measurements on the same solution 
were confirmed for about 120 minutes at intervals of 10 minutes.
Similar experiments were carried out at various pH values. 
The results are summarised in Table XX and Fig, 11.
(b) Sodium acetate;- Attempts were made to study a 
similar sys.tem with sodium acetate in the place of tri sodium 
citrate, but it was not found possible to study the system at 
various pH values, because, when attempts were made to vary the
pH, even at pH 3» brown precipitates were obtained and hence 
the system was not examined further.'
(D) Stability constants of citric acid and the 
Complex formation between manganese(II) and citrate ions
For this purpose the following solutions were prepared?
(1) 0.4918' M  sodium hydroxide solution was prepared
by Standardisation against standard potassium hydrogenphthalate 
solution using phenolphthalein as an indicator.
(2) 0.05079 M perchloric acid solution was prepared 
by standardisation against standard sodium hydrojXide solution 
using phenolphthalein as an indicator.
(3) A 0.0054lg. M solution of nianganese(II) perchlorate 
was prepared in the perchloric acid solution mentioned above 
and the molarity was checked by estimating manganese by 
standard Na^H^Y solution.
(4) The concentration of trisodium citrate (0.006006 M) 
and the ionic strength (0.3 M) were maintained constant 
throughout the experiments.
Three sets of titrations, as detailed below were carried 
out, using a Vxbron pK meter, Model 39A (Electronic Instruments 
Ltd., Richmond., Surrey) standardised against standard buffer 
solutions.
(a) Perchloric acid was titrated against base,
(b) perchloric acid and ligand were titrated against 
base, and
(c) perchloric acid, ligand, and metal ion were 
titrated against base.
Procedure:- The required amount (i.e., that which 
maintained the ionic strength at 0.3 M) of sodium perchlorate 
was placed in a small beaker and dissolved in 50ml. of 
0.05079 M perchloric acid solution. The beaker was placed in 
an ice-bath maintained at 0°C, and closed with a stopper fitted 
with a glass electrode, an ammonium nitraie-agar bridge, a 
burette for the addition of sodium hydroxide solution, a nitrogen 
inlet, and a stirrer. The solution of sodium hydroxide was 
added in small quantities from a microburette and after stirring, 
the pH of the solution was measured.
The above procedure was repeated for the Experiments
(b) and (c) listed above using the same sodium hydroxide solution. 
For experiment (b), the required amount of sodium perchlorate 
and the ligand, trisodium citrate were dissolved in 50ml. 0.05079 M 
perchloric acid solution. In the resulting solution, the 
concentrations of sodium perchlorate and trisodium citrate were 
0.3 M and O.OO6OO6 M respectively. For experiment (d), the 
amount of sodium perchlorate and trisodium citrate weighed out were 
the same as in experiment (b) and these materials were dissolved 
in 50ml. 0.005419 M manganese(II) perchlorate solution prepared 
in 0.05079 M perchloric acid solution. In the resulting 
solution, the concentrations of sodium perchlorate, trisodium 
citrate, and manganese(II) perchlorate were 0.3 M, 0.006006 M, and 
0.005419 M respectively. The results are summarised in 
Figure 8.
Similar experiments were attempted using sodium acetate 
as a ligand in place of trisodium citrate, but it was observed
that when the experiment (c) was carried out a brown precipitate 
was formed at a very early stage, indicating that free 
manganese(II) ion was present in the place of a complex ion with 
acetate ion and this precipitation prevented the further 
investigation of the system.
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S E C T I O N  III
RESULTS AND DISCUSSION
(a) THE OXIDATION-REDUCTION POTENTIALS AND STABILITY
CONSTANTS
F1701Recently, Tanaka et al. have studied the
oxidation-reduction potential of the manganese(III)-manganese(IX) 
system in the presence of ethylenedxaminetetr cetate (EDTA),
and the stability constant of a manganese(III)EDTA complex 
has been determined. Similar measurements have been carried 
by Hamm et a l . ^ 2"^ on the manganese (II) and manganese (III) 
complexes of H^C and H^E, (where H^C = trans-1,2-Biaminocyclo- 
hexanetetraacetic acid and H^E = hydroxyethylethylenediamine- 
triacetic acid).
. Tanaka et considered the following reactions;-
Mn3 + + e ----s. Mn2+, E° .....     . .. (1)’ Mn 
'MnYMnY" + e  MnY2", E® v ...................... (2)
Mn2+ + Y4- ^  MnY2",   (3)
+ Y MnY ’ KMn(IXI)Y  ..............  (4)
(where Y^~ = the quadrivalent anion of EDTA, E ^  and are
the standard oxidation-reduction potentials for equations (1 )
and (2), and and JSin(IIX)Y are the sta,oilitY constants
2—  —of the complexes MnY and MnY , respectively). From 
equations (1 ) and (2) the relationship,
Mn3 + + MnY2"  Mn2+ + MnY" ...............    (5),
is obtained. The standard oxidation-reductinn potential of 
'MnY'the couple, E° v , is related to the standard oxidation-
reduction potential of the aquo-couple, E ^ ,  by the
166
following equation:-
E° - E° - 2-3°3RT ioeK!fe(I1I)Y (6)Tin MnY " nP ■L°SJW ( H ) Y  .................  1 ;
where eclui librium constant of equation (5)s
2+
T,Mii(III) Y 3 [MnY.] KMn(III)Y
^ (II)Y = [Mn3+][MnY2-] = S j f a d U Y  ........... .
All the activity coefficients are assumed to be unity*
From equations (6) and (7), the expression,
E° - E° = 2,3°3RT iO0. ICMn(XXX)Y
^  MnY nF ^ ( I I J Y
is obtained, thus,
w° F °
Mn “ MnY
2.303RT, - „ it/- \
nF ® ^ MnClII) Y ” °SAVMn(II) Y' ’
and, therefore,
nFC^Mn "" MnY) v
losKMn(III)Y = ^27303RY~~ + losnyMlI)Y
Hence, if the values of E ^ ,  loSK|.jini(II)Y * and EMnY are
known, the value of l°S^^n (jxx)Y can determined. The value
of can be determined in the following way. The equilibrium
Fini
potential, Et = 0,can be expressed
o [Mn(II)Y]/-* tiO 2a303RT oEt = 0 SS £ v lOg - h i -  w  . ■  t r . . . o . . . . . . .  *9)
' ^ Y -B* [Mn(XIX)Y]o
(where, i = time after the dissolution of the Mn(III)EDTA 
complex, and subscript 0 represents t = C ) .
According to equation (9)* the potential at which 
log[Mn(II)Y]Q/[Mn(IXI)Y] — . 0 is the value of
The standard oxidation-reduction potential of the 
chelate couple, described by equation 2, can thus be determined 
by measuring the equilibrium potentials, at t = 0, of solutions
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containing varying quantities of the manganese(II) and 
manganese(III) chelate complexes.
In the present work, electrode potential measurements 
were carried out for the various solutions indicated in 
Tables V, VIII, and XI for the manganese(II)/manganese(III) 
couple in the presence of malonic acid, trisodium citrate and 
malic acid respectively. The changes observed in the equilibrium 
potentials with time, Et = t, for each of these solutions are 
given in Tables VI and Fig. 2 for malonic acid, Table IX and 
Fig. 4 for trisodium citrate, and Table XII and Fig. 6 for malic 
acid. Figures 2, 4, and 6 show that the graphs of Et = t 
against time are linear and hence the equilibrium potentials 
at t = Of Et = 0, were obtained by the extrapolation of these 
plots to zero time. The values of log[Mn(IXX)3/[Mn(XI)] and 
the corresponding values of Et = 0 are given in Tables VII, X, 
and XIII for the malonic acid, trisodium citrate and malic acid 
systems, respectively. The graphs of Et = C against log[Mn(III)]/ 
[Mn(IX)] are shown in Figures 3, 5, and 7 for malonic acid, 
trisodium citrate and malic acid, respectively. All of the 
potentials quoted are referred to the saturated calomel 
electrode(SCE). As is discussed above, from these plots, the 
formal oxidation-reduction potentials, i.e. those for which 
stoichiometric concentrations rather than activities are 
considered, were calculated
Malonic acid system, 0.8872V. vs. SCE,
1.1487V. vs. NHE (normal hydrogen
electrode)
TABLE V
Concentrations of Manganese(II) Sulphate and 
K C M n C H ^ O ) .2H^0. Both were dissolved in 50ml. 0.09191 M 
Malonic acid solution.
Expt. No.
Cone, of 
Mn(XX) sulphate
mM
Cone, of 
K[Mn(H20)2 L2].2H20
mM
a ) 0.07037 0.2498
(2) 0.1094b 0.2498
( 3 ) 0.1757 0.2504
( 4 ) “ 0.2501 0.2501
( 5 ) 0.3509 0.2506
( 6 ) 0.4993 0.2495
( 7 ) 0.7498 0.2501
3£ In this experiment pH = 2.20 throughout.
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TABLE VI
Equilibrium potential at time t, Et = t for the seven 
experiments shown in Table V #
Expt •  1 * Expt.
1
2. I
!
Time Volt
!
TiEie 1 Volt !
(minutes) (minutes) j
!
16 0.9072 20 !
i
0.8934
25 0.9041
31 ! 0.8910
36 0.9000 41 j 0.8880
45 0.8970 50 | 0.8854
55 0.8936 60 j 0 . 8 8 2 1
65
_
0.8902 70 0.8788
75 0.8863 80 0.8755
85 0.8827 90 0.8720
95 0.8795 101 0.8681
105 0.8756 110
I1
0.8648
Expt .  3 # Expt. 4.
20 0.8866 20 O.8808
30 0.8845 30 0.8788
40 0.8819 4o 0.8765
50 0.8793 50 0.8737
60 0.8764 60 0.8711
70 0.8735 71 0.8680
80 0.8704 80
!
0.8654
90 0.8675 90 0.8624
100 0.8643 100 O.859I
110 0.8609 110; 0.8558
(Contd,
170
TAE LB YJ. (c ont d 0 )
Expt. 5. | Expt
I
. 6 .
Time
(minutes)
Volt
i
j Time 
| (minutes)
I Volt1
i
20 i 0.8753 20 j 0.8685
30 I 0.8735 31 0. 866-i
40 I 0.8714 40 0.8644 !
1 51
i
! 0.8692
j
50 0.8623 |
60 | 0.8673 60 0.8600 i
!
70 0.8652, 70 0.8577 i
80 0.3630 80 0.8554 J
91 0.8604 90 0,8528 j
100 0.8584 100 0a 8503 !
110
.
0.8559
j
110
1
0.8477 !1
i
r
Expt* 7
      T " " "  -----
Time j Volt
( minut e s} j
20
31
4o
30
So
70
80
90
100
110
0.86c4
0*8587
0.8570
0.8552
0.8537
0.8517
0.84-95
0.8473
0.8453
0.84-23
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TABLE VII
Equilibrium Potentials in the Manganese(III)/ 
Manganese(XI) Malonic Acid System
Expt* No. [Mn(XXI)]los T'ffeTirn
j
Et = 0
I
1 +0.5502■
:
0.9X30
2 +0.3585 0.9024
3 +0,1539 0.8945
4 0.0000 0.8875
5 -0.1463 0.8795
6 -0 . 3 0 1 3 0.8735
7 -0 . 4 7 6 9 0.8655
E
t:
F I G . 2
M A L O N I C  A C ID
0-92
0-9 0
0-88
0-86
0-84
20 6 0  
T I M E  (min.)
40 80 IOO 1 2 0
FIG.3
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TABLE VIII
Concentrations of manganese(II) and manganese(III) 
acetates. Both were dissolved in 50ml. 0,1 M trisodium 
citrate.
Bxpt. No, Cone, of Mn(II) 
acetate
niM
Cone, of Mn(XII) 
acetate
mM
(1)
(2)
(3)
(4)H
(5)
(6) 
(7)
0.07996
0.1350
0.2195
0.3501
0.5504
0.2206
1.5490
0.3502
0.3498
0.3498
0.3502
0*3502
0.3502
0.3498
3£ In this experiment, pH = 6.21 throughout;
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TABLE . IX
Equilibrium potential at time t, Et = t for seven 
experiments shown in Table VIII
Expt. 1# Expt 2.
Time Volt Time Volt
(minutes) (minutes)
20 0*3455 20 0.3362
30 0.3448 30 0.3362
40 0.3442 40 0.3358
50 0.3434 50 0.3356
6q 0.3428 60 0.3352
70 0.3421 70 0.3348
80 0,3414 80 0.3344
91 0.3406 90 0.3339
101 0.3398 100 0.3334
Expt * 3. Expt . 4.
21 0.3284 20 0.3177
30 0.3267 30 0.3166
40 0.3263 40 0.3159
50 0.3261 50 0.3157
6° 0.3258 60 0.3156
70 0.3256 70 0.3154 |
80 0.3254 80 0.3150 !
90 0.3252 90 0.3148
100 0.3145
110 0.3143 !
. 1
(Conid. *. . .
TABIS IX (Contd.)
Expt, 5. Expt. 6.
Timt>
(minutes)
Volt Time
(minutes)
Volt
20 0,3084 20 0.3011
30 0,3070 30 O.2988
4i 0,3067 4o 0.2984
51 0.3065 50 0.2982
60 0.3064 60 0.2980
70 0.3062 70 0.2978
80 0.3058 80 0.2977
90 0.3057 90 0.2975
101 0,3056 100 0 0 7 "i
_ ________ ,
I
Expt. 7.
Time Volt
(minutes)
30 0.2304
40 0.2892
50 0.2888
60 0.2887
70 0.2886
80 0.2885
90 0.2884
100 0.2882
110 0.2881
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TABLE X
Equilibrium Potentials in the Manganese(III)/
Manjajanese (II) Citrate System
Expt* No* CMn(III)] Et = 0
(1) +0.6410 0.3472
(2) +0.4135 0.3368
(3) +0.2024 0.3272
(4) +0.0001 0.3172
(5) -0.1964 0.3080
(6) -0.4099 O.299O
(7) -0.6462 0.2895
X
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TABLE XI
Concentrations of* manganese(II) and manganese(III) 
acetates. Both, were dissolved in 0,1 DL-Malic acid.
r~ -- *--------
Cone, of* Mn(II) Cone, of* Mel (III)
Expt. No. acetate acetate
mM mM
*
(1 ) 0.07955 0 . 3 5 0 2
(2 ) 0.1350 0 . 3 5 0 2
(3) 0 . 2 1 9 9 0 . 3 5 0 2
w 0.3501 0 . 3 5 0 2
(5) 0.5504 0 . 3 5 0 6
(6 ) o.900 4 0 . 3 5 0 6
(7) 1 . 5 4 9 1 0 . 3 5 0 8t
X S . L  -
TABLE ___XXX
Equilibrium potential at time t, Et = t for seven 
experiments sho7m. in Table XX.
Expt. 1. Expt. 2.
Time Volt Time Volt
(minutes) (minutes)
16 0* 8565 15 0.8453
25 0,8545 25 0.8427
35 0,8514 35 0.8400
- 45 0.8486 45 0.8376
55 0.8454 56 0.8348
55 0.8426 65 0 . 8324k
75 0.8400 76 0,8296
35 0.8373 85 0.8275
95 C.8349 95 0.8252
Expt 0 3« Expt. 4.
15 0.8286 15 Go 8048
25 0.8267 25 0.6038
35 0.8243 35 0.8024
4 5 0.8221 45 0.8010
55 0.8198 55 0.7994
65 0.8179 65 0.7980
75 0.8158 75 0.7966
85 0.8138 85 0.7952
95 0.8118 95 0.79361
(Ccid^do « o « •
TABLE XIX (Contd.)
Expt • 5* ' Expt...........  ' - . . . . - -
6.
Time | Volt Time
j
Volt
(minutes) (minutes)
16 0.7677 18 0.7338
25 0.7702 25 0.7352
35 0,7696 35 0.7345
4-5 0.7694 45 0.7343
55 0.7691 55 0.734-1
65 0.7680 65 0.7337
~ 75 0.7673 75 0.7334
85 0,7667 85 ; 0.7328
96
•
0.7658 95 j
1
0.7324
Expt. 1c
Time 
(minutes)
Volt
20 0.6734
30 0.6830
40 0.6858
50 0.6858
60 0.6857
70 0.6857
80 G.6856
90 0.6854
100 0.6852
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TABLE XIII
Equilibrium Potentials in the Manganese(III)/ 
Manganese(II) Malate System
Expt. No. [Mn(III)] 
g LMn(II)] E t = 0
(1 ) + o .6436 0*8612
(2 ) +0.4140 0^8490
(3 ) +0.2021 O.8315
(4 ) +0.0001 0 .8074
(5 ) -0 .1 9 5 9 0.7724
(6) -0 .4 0 9 6 0.7358
(7) -0 .6 4 6 2
1
0.6862
FI G.6
M A L I C  A C I D
G—
0-7
0 7 4
0 - 7 0
80 IOO20 4 0 6 0
T I M E  (min.)
FIG.7
MALIC ACID
0-7S
0 7 4
0 7 0
0*6 0 4 0-0 0-2 0*4
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Trisodium citrate system, 0*3172V. vs* SCE,
0.5787V. v s . NHE,
Malic acid system, 0.8075V. vs. SCE, 
1.0690V. vs. NHE
Equation (9) at 0°C is reduced to:
Mn(III)]
MnfXlJT
(10)
The slopes of the graphs of Et = 0 against log[Mn(XXI)]/ 
[Mn(XI)] for the three systems are:-
(1) Malonic acid system, 0.04607V.,
(2) Trisodium citrate system, 0.04692V., and
(3) Malic acid system 0.1850V.
Theoretically (see equation 10), the slope should he
0.0542V. Thus if can he seen that the values obtained for the 
malonic acid and trisodium citrate systems are close to the 
theoretical value and confirm that there is a transfer of one 
electron in the redox reaction.
the slope could not he determined over the entire concentration 
range. The slope determined from the linear portion of the 
graph is O.I85OV. which is about three times greater than the 
theoretical value and, according to this slope, the number of 
electrons transferred in the redox reaction is 0.2929* Thus 
the value obtained for the slope, as well as for the number for 
electron transfer in the redox process i &, apparently, 
meaningless and suggests that, the mode of reaction is quite
In the case of the malic acid system, the graph of 
Et = o against log[Mn(III)]/[Mn(IX)] was not linear and hence
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different from that of the trisodium citrate system, and that 
some sort of decomposition has taken place. McMahon
[17 9 ]
et al. have studied the reactions between manganese(III)
alum, Mhg,(SO^)^.K^SO^ and concentrated solutions of sodium 
salts of various hydroxy-carboxylic acids and demonstrated that 
photochemical decomposition took place in solutions of 
manganese(III) alum and sodium malate, whilst with citrate no 
photochemical decomposition was observed. The product of 
decomposition gave a phenylhydrazine derivative but the product 
was not identified. Thus it seems reasonable to suggest that a 
photochemical reaction between manganese(III) acetate and malic 
acid took place during the present investigation. The product 
of this decomposition also gave a hydrazone with 2:4 dinitro- 
phenylhydrazine, the air dried sample of which melts between 
198-205°C. The product has not been identified.
The values Of the slopes obtained in the case of the 
malonic acid and trisodium citrate systems are a few millivolts 
lower than the theoretical value. This may be attributed to 
the slight instability of systems at 0°C which has been already 
demonstrated from the spectral measurements (see experimental
r 10 3 1section, part II of the thesis). Cartledge and NicholsL J have 
also discussed the possibility of such error during electrode 
potential measurements.
The above discussion makes it clear that as so far as 
the malonic acid and trisodium citrate systems are concerned, the 
number of electrons transferred in the redox reaction is one
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and the reactions taking place may be written as is shorn below;
Malonic Acid System 
Mn(aq.)3+ + e  -V Mn(aq, )2+;     (13.)
[MnLgCaq. ) ]~+ e — .^  [MnL2 (aq.)]2-; E ^ L .........  (1 2 )
Mn2+ + 2 L2" -N [MtiL2 (aq.)]2_;     (13)
Mn3+ + 2 L- [MnL2 (aq.)]-,   (14)
(where has the usual meaning, ®MnL '*‘s ^orma-1- potential
of equation (12), and and *Ski(III)L are s‘fcat>t!tty
and MnL~2-  -constants of MhL0 0, respectively).
Trisodium Citrate (Na^Ct) System 
[]yin(Ct)2(aq. )]3~ + e  ---^  [Mn(Ct)„(aq. ) ;  EMnCt• • • * •
Mn2+ + 2Ct3~ — [Mn(Ct)2(aq.)]4“ ; ^ ln(II)Ct ....... U6)
Mn3* ■+ 2Ct3~ ^  [Mn(Ct)2(aq. )]3~ ; KMri(III) ct . . • .« . (17)
(where 1® the formal potential of equation (15) and
Kv,. an(* ^fo:(III)Ct are s^a^tlity constants
describing equations (16) and (17), respectively).
The formal potential of the malonic acid system is
T = 1.1487V. vs. NHE and that of trisodium citrate isDCnJL
^MnCt ~ 5787V. vs. NHE. The formal potential! of the
r t p o i
aqueous manganese(III)/manganese(II) couple is 1.49V.
Thus it can be seen that in both the systems studied hero v 
the formal potentials have shifted to less positive value 
than 1.49V. which indicates that the manganese(XXX) ion has 
been stabilized with respect to reduction to manganese(IX) 
ion in both these systems.
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The stability constants an<^  ^Mn(XII)Ct are
determined using equation (8) at 0°C. The values of
S f a d D L  and ^HttdDCt used are losISfa(IX)L = 3.11Cl613 and
= 4o 97» a value determined in the present work
which will be discussed in detail later. The values of
L an<^  ^°^Sfn(III)Ct ob^aine(  ^are 9-^1 21.78
respectively. The logarithmic stability constants of some
other manganese(XIX) complexes along with the above data are
compared in Table XXV.
Xn the case of the malonato-manganese system, the
manganese(XXI) equilibrium considered was:-
Mn3+ + 2L2~ ---[Mn( XXI) L0 (aq. ) ]~■V— 2
The evidence presented in Part I of this thesis suggests
that the bismalonato complex is formed under the experimental
conditions used here and we have also taken a solid bis-malonato
complex as a starting material. The tris-malonato complex is
formed in less acid conditions and in the presence of excess
2-malonate ion, . The stability constant thus refers to
the formation of the bismalonato complex. Cartledge and 
[103]Nichols have measured the equilibrium constant for the
reaction:-
[Mnlv,]- + L2- [MnL ]3~
and found logK = 1.2%. Using the relationship f3 = fen,
■> n
the stepwise and overall stability constants indicated in 
Table XXV were calculated. The stability constants are 
considerably lower than those calculated for the citrato and 
oxalato complexes.
°sKMn(XX)Ct
- 1 9 0  -
T A B L E  X I V
Stability Constants for Manganese(III) Complexes
Complex logK^ or Equilibrium Process
[MnCllDC]" 2 8 #9 0 ^92* Mn3 ++C^~ [Mn(III) C] ~
[ Mn (IIX ) Y] ~ 24.90[170] Mn3 ++Y^~ — *• [Mn(III)Y]“"V’'“
[Mti(III)E]
3-
2 2 #7 0 ^92^ Mn3 ++E3~ -*■> [Mh(III)E]
[Mn(III)(Ct)2] 21#78x Mn3 ++2Ct3_ — ^ [Mh(III)(Ct)2]3-
[Mn(IIX)(Ct)2]3‘ 3.27x [Mn(III)Ct]+Ct3- -*» [Mn(III)(Ct)„]3-'*r~* <2
[Mn(III)Ct] 18.51* • Mn3++ Ct3" — *• [Mn(IXI)Ct]
[Mn(IXI)L2 (aq)]' 9-41* Mn3++ 2 L [Mn(III)L0 (aq.)]~'*C"“ cL
[Mn(III)L ]3- 10.65*I Ma3++ 3 L2' -*• [rfa(XII)L,]3-V “ J
[Mn(III)L ]3~
1—
1
OHt_
1cf03•H [Mn(lII)L0 ]'+L2-— ». [Mn(III)L,]3“
dt " j
[Mn(IXI)0 ]+ISC | 9.98^181^ Mn3++ Ox~ -*• [MnO,«s0 +
[Ma(III)(05c)2]- ! l6#57^181^ Mn3++ 2o|" ^  [Mn(XII)(0x)2]“
[Mn(III)(Ox),]3- 19.42^ -181^ Mn3++ 30|“ -*• [Mn(III)(Ox),]3~V* j
[Ife(III)(Ox)3]3' 2.85[l8l]
ji
[Mn(III) (0X)2 ]-+0X2- ^ [ M n  (III) (Ox>3]3 '
3£
values determined in the present work
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For the citrato-manganese system, the manganese(III) 
equilibrium considered was:-
Mn3+ + 2Ct3“ — ^  CMn(III) (Ct),.J3~
In near neutral solutions, the biscitrato complex is completely 
formed and evidence for this reaction will be considered in 
detail later. The stability constant, j j j )ct’ re^ers
the formation of the biscitrato complex in a solution of pH 6 * 
From potentiometric titration experiments, which are discussed 
later, the equilibrium constant for the reaction:-
[MnCt] + Ct3- — -*• [Mn(Ct)2]3',
was estimated as logKg, = 3*27. Using this value, logE^ = 18*51
was calculated and is included in Table XIV*
For the maIonato and citrato systems, manganese(II)
complexes containing two carboxylato ligands were postulated. 
riQ2l
Previous work has shown that the bisoxalatomanganese(II)
complex is only weakly formed:-
Mn2+ + Ox2' - ■ —V  MaOx ^  = 8195
Mn(Ox) + Ox2- — -*» [Mn(Ox)„]2' K„ = 27.0"X  C* <L
Hence, logP^ = 5*35 and log{3^ = 3*91* For the maIonato/
manganese(II) system, log(3^ = 3*11» i*e., a value somewhat
lower than that reported for the oxalate system. No value of 
log3 2 ^or malonate system is reported in the literature.
nQo-]
Work in this Department has shown that for the
malonato complex is probably somewhat lower than is the value 
of K'for the oxalato complex and, furthermore, the complexityd*
of the system and the experimental uncertainty involved makes 
it difficult to obtain a reliable value of for the reaction
MnL + L2”  ^  MnLrt2"2
It would be reasonable to assume that XogK^ 1. The stability
constant, l o g K ^ ^ ^ ^ u s e d  in the present work (eqn. 13), 
refers to the formation of the complex Mn(II)L. The value cf
III) L reP°r^e<i in Table XIV is thus low by about one order 
of magnitude,, Nevertheless, the stability constants of the 
maIonato complexes are seven to nine orders of magnitude smaller 
than those of the corresponding oxalato complexes„ In the absanc 
of a reliable value of for the maIonato/manganese(XT) system^ 
we feel justified in considering a value of = 3.11
fcr the required substitution in equation (8), The electrode 
potential measurements show that a simple, one-electron transfer 
process occurs in the redox reaction which can be represented 
by equation (12):~
[MnLrt(aq. ) ]“ + e  [MnLrt (aq. ) ]2“at   ct
From the work to be described later, it was postulated that a 
biscitratomanganese(II) species was formed near pH 6 and the 
stability constant, thus refers to the reaction,
Mn?'+ + 2Ct3- [Mn(Ct)
Experimental evidence suggested that the citrato complexes 
were more stable than the maIonato ones. For instance, in 
the absence of an excess of maInnate ion, the bismalonatodiaquo-- 
manganese(III) cation decomposes rapidly whereas, the reddish 
solutions containing the citratomanganese(III) complex ions are
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fairly stable even at room temperature. These qualitative
observations were confirmed by visible spectrophotometry for
only small decreases in extinction coefficient were observed for
the citratomanganese(III) complexes whereas more rapid falls were
noted for the malonato system. Citratomanganese(III) complexes
cannot be prepared as solids using routine preparative methods.
The presence of the neutral species [Mn(III)Ct(aq.)], in acid
solutions, suggests that the addition of a salt to provide
counterions for the supposedly negatively-charged manganese(III)
species, is of no assistance in the precipitation of citrato
manganese(III) complexes. On the other hand, the present and 
r 1 Q o i
earlier work shows that the third anion in the trisoxalato-
and trismalonatoiiianganese(III) complexes is rather loosely bound 
and this instability may account for the difficulty in isolating 
pure salts of this type. It was shown in the present work, 
that a second citrate ion is Very much less tightly bound than 
is the first in manganese(III) complexes and, furthermore, that 
the addition of ethanol to near neutral solutions of manganese(III), 
containing citrate ion, produces only a reddish oil which cannot 
be worked up to produce a crystalline material. These observations 
suggest that the biscitratomanganese(III) complex is more soluble 
than are the maIonatomanganese(III) complexes and that the 
biscitratomanganese(III) complex is relatively unstable, 
accounting for the difficulties encountered in the preparation 
of the citrato-complexes.
Table XIV shows that oxalatomanganese(III) complexes are 
more stable than the corresponding malonato ones. The formation
194
of a f ive-member ed chelate ring (I) for the oxalato complexes 
and a six-membered one for the malonato complexes (II) could 
account for this difference.
0
!i
o . 0 ^  C -- 0,
\\ I! ^  \
C ---------  0  C  ■ 0 CH_ M
| \ / \ I /M W f! •. M \
0
M  H p C  M
/    ° X C   o' HO  0
!i 
0
(I) (II)
CH2
(III)
The hexadentate ligands, C (where C = trans-1,2-diaminocyclohexane- 
tetraacetate) and Y (where Y = ethylenediaminetetraacetate) form 
very stable complexes with manganese(III) whereas the 
pentadentate ligand E (where E = hydroxyethylethylenediamine- 
triacetate) forms a less stable complex although this is, in 
turn, more stable than those of the bidentate ligands. For the 
citratomanganese(III) complexes we find log{3^ = 18.51 and 
logp^ = 21.78. These observations show that, although the 
citrate ion forms a seven-membered chelate ring (III), the 
possibility cf an enhanced chelate effect, through the use of 
a tridentato ligand, increases the overall stability of the 
biscitrato-complex as compared to stability of the tris-complexe. 
of the bidentate malonate ion which contains the six-membered 
ring (II). Again, the stabilities of the biscitrato and 
trisoxalato complexes (see Table XIV) are comparable because the 
enhanced chelate effect of the biscitrato-complex is, presumably, 
counter-balanced by the stability of the five-membered chelate 
ring in the trisoxalato complexes. The hexadentate ligands,
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which form complexes containing five- and siz-membered rings 
4- ,o«»g. Y. (see diagrams IV and V), form correspondingly more 
stable complexes than does the tridentate citrate ion.
\ / 0
V  ii
C ----  0
2 M -N M
/ X / 
c\  /  fr 0
n
/\ °
(IV) (V)
Thus the formation constants for the six-coordinate complexes
fall in the order j-
trismalonato 4 L  trisoxalato ■ < . biscitrato <  E < 1  ~ C„
It has been shown here that this order is the on® which 
can loe predicted from a consideration of the structures of 
the carboxylate anions.
(b )  S T A B IL IT Y  CONSTANTS OF C IT R IC  A C ID  AND THE COMPLEXES 
FORMED BETWEEN THE MANGANESE ( I I ) IO N  AND CITRATE IO NS
For the determination of* the stability constants of*
citric acid and manganese(II)/citrate complexes, a method
similar to that of* Irving and Rossetti ^ V7as used. In this
method a strong acid, the acid and ligand, the acid, ligand,
and the metal ion are, in three separate experiments, titrated
against base as is described in the experimental section of*
Part II of* the thesis. The results are summarised in Fig. 8.
The analytical compositions of* the solutions may be used to
evaluate the required stability constants in the following maimer
Let the total concentration of ligand, metal ion,
and dissociable hydrogen ion be T^ , , and T^ , respectively.
Then, the degree of formation of metal-ligand complexes, n , is
- _ total concentration of ligand bound to metal , 
total concentration of metal
but the total concentration of ligand bound to metal = total
concentration of ligand-concentration of the ligand not bound
to metal = T^ - concentration of the ligand not bound to metal.
X. - L - concentration of ligand not bound to metal ,7,
• •  n  —  " ■ n i ■■■ ■■ i   i- —  —  i-t ' 1 ' . . . . a  V ~
aM
Similarly for proton-ligand complexes,
total concentration of proton bound to ligand
^  ~ total concentration of ligand not bound to metal
total concentration of ligand not bound tc metal =
T t - iiT,.,    from equation (1).L M
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(where, [H] = stoichiometric hydrogen ion concentration)
Whence from equation (l), ~ - (^L - ^ M )
TM
But, - nT^ = (Tjj - [H]/n^ from equation (2)
. %  n = T L - (TH - CH])/^  .........................  (3)
t m
Consider now the value of in the general case. If, 
to a concentration of mineral acid, E, is added sufficient 
ligand, carrying dissociable hydrogen, in the form to give
a total ligand concentration T^, then the total initial 
concentration of dissociable proton will be E + yT^ . Thus 
for ligands such as ammonia, ethylenediamine, or trisodium 
citrate y = 0; for glycine, oxine, or acetylacetone, y = 1; 
for oxalic acid, or the disodium salt of ethylenediaminetetraacetio 
acid, y = 2. Addition of alkali as sodium hydroxide to give a 
sodium-ion concentration, Na (in excess of any due to neutral 
salt initially present) will reduce the total acidity to a 
value:-
T„ = E + yTT - Na + [OH] .............. ..........  (4)H li
where the last term, usually negligible in comparison with 
the others, appears on account of hydrolysis.
Evaluation of n^ and n
Fig. 8, curve 1 shows the titration curve for the acid alone, 
and curve 2 shows that for a mixture of acid and ligand. Any 
point on curve 1 is given by,
[ H ^  = E1 + COHjx - Nax ....................   (5)
.1 Acid against base
2 Acid, ligand against base
3 Acid, ligand and metal ion against base
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and from equation (2), any point on curve 2 is given by
™ 2  = E2 + C0H]2 - Na2 + " “H TL  ............  (6)di Ca d*
When the pH-meter readings are identical for both the 
solutions (ordinate B, see Fig, 8), and the solutions have the 
same ionic strength,
[H]^ = [K]^ and [OH]^ = [ O H ] I t  then follows from 
equations (5) and (6) that
<E - E ) - (Nap —  Na.) + yTT
2 1 2  1 2      (7)
2 T t
^2
Suppose the initial volumes, V^, the mineral acid 
concentration, Eq, and the total ligand concentrations, ,
o
where the same in each titration and that volumes and
of alkali, concentration N, were added to reach sodium ion
concentrations of Na^ and Na^, respectively, then,
V E V0N V T t
m O O «« U ij m  O
2 = (Vo7  V2) > 2 = (Vo + V2) ’ and %  = (Vo + V2)
and similarly,
V E
in ° O J.
~  f \ T  j .  V   ^ ~i  -  <vo + v p  > “ i  -  v o + vx
Substituting these values in equation (7), an expression for is 
derived,
(  (Vi - Vo) (E +N) ] _
”h ~\ + Tv + V ) ' V / T L ’ = ”h ^j o  O 1 J O 2
C  (V -V )(E +N)
. njj = ^ - y-yrf—  » ( *.* y = ° for trisodium citrate) ... (8)
o 1 Lo
If N »  E , and V »  V then
nrj =
(V_ - V )N
— •      ... a .o .. (8a)
H  V T to Lo
As the values of V-, V , E , N, V , and T? are known from theX 2 O O LO
analytical compositions of the solutions, the values of at
various pH values can be obtained using equation (8 ), The
values of N, Eq, V f and are given in the experimental section,
o
Part II of the thesis, and those of n^, and are included in 
Table XV.
The values of n^ obtained are used to calculate n as is 
described below. Fig. 8 , curve 3» shows a titration curve for 
a mixture of acid, ligand, and metal ion against base. For 
any point on the curve,
[H]3 = E3 + t [0H]3 - Na3 - ^  +   (9)
and
[H]2 = E 2 + + ^0 H ^2 ~ N a 2 ” T L  - - (see eqn. (6 )).
2 2 2
As the pH-meter readings are identical for both the solutions 
(see Fig. 8 , ordinate B) and these solutions have the same 
ionic strength, [H]2 = [H]^, [OH]^ = [OK]^, and = n^ .
The ligand concentrations are constant, i.e., T t = T t , or
2 3
y (Tt - Tt ) = 0. And hence from equations (9) and (6),
L3 2
n~ is given by,
J (E2 - E3) - (Na2 - Na3)
n3 =
nH_" TM
Values of Eg, E , Na^ and Na3 are substituted to give
V. (V, - V„ ) (E + N)
- kiUi.
TABLB XV
Values of* pH, h, V^, V^, anc^
pH h(M) V1
(ml.)
V2 
(ml.)
V3
(ml.)
*H n ;i
2.2 6.31 x 10~3 4.38 2.68 2.72 2.825 0.02692
2.4 3.98 x 10~3 4.66 3.00 3.04 2.744 0.02755
2.6 2.51 x 10~3 4.85 3.21 3.26 2.701 0.03484
2.8 1.53 x 10"3 4.97 3.41 3.46 2.564 0.03658
3-2 6.31 x 10“4 5.08 3.69 3.76 2.231 0.05727
3.4 3.98 x 1Q“4 5.10 3.80 3.86 2.131 0.05241
3.6 2.51 x 10~4 5.11 3.90 3.98 1.984 0.074-92
3.3 1.58 x 10"4 5.11 4.01 4.10 1.803 0.09253
4.0 H » O O X H O
1
5.12 4.10 4.24 1.672 0.1550
4.2 6.31 x 10“3 5.12 4.20 4.37 1.508 0.2085
4.4 3.98 x 10 “ 5 5.12 4.30 4.51 1.344 0.2882
4.6 2.51 x 10~3 5.12 4.41 4.64 1.163 0.3638
4.8 1.58 x 10”5 5.12 4.53 4.76 0.967 0.4368
5.0 H • O O H O
1 Ul 5.12 4*62 4.86 0.8194 0.5369
5.2 6.31 X 10”6 5.12 4.73 4.94 0.6392 0.6012
5.4 3.98 x 10”6 5.12 4.83 5.01 0.4752 Q.691C
5.6
_ 8
2.51 x 10 5.12 4.91 5.06 0.3442 0.7954
5.8 1.58 x IQ-6 5-14 4.98 5.10 0.2621 0.3339
6.0 H • O O H O
1 0's 5.14 5.04 5.12 0.1639 0 o 8884
6.2 6.31 X 10“7 5.14 5.09 5.14 0.08193 1.1090
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The values of are obtained from the analytical 
composition of the solutions and T^ is already known (see 
experimental section, Part II of the thesis). Hence, values 
of n can be calculated at various pH values. The values of 
and n are included in Table XV.
The values of n^ , n and hydrogen ion concentration, h 
(which can be evaluated from the measured pH) are used to 
calculate the stability constants of citric acid and manganese(II)/ 
citrate complexes.
Stability constants of citric acid 
For the reaction between a central group (metal ion or 
acid anion) B, and a ligand A (hydrogen ion in the case of the 
acid anion),
B + nA — — BA«<_----  n
[BA ]
6 =  H_ and [BA ] = 8 [B][A]n = K [BA ][A].
[B][A] ~
Activity coefficients are replaced by stoichiometric concentration,!] J
as the ionic strength is high.
We have,
(3 = overall stability constant
K^ x = stepwise stability constant
Thus (3 = K = 1; P_ = K. and'o o ’ rl 1
B = K_.K0.K0 ......   « «K = fa1 2 3 n n
The total concentrations, A and B, of the ligand and
central group, respectively, are given for a system of
mononuclear complexes by the expressions,
A =s [A] + [BA] + 2[BA2] + ..... . .N[BA^]  ...... (13) and
(where a and b represent the concentrations of free A and B, 
respectively.)
fRA , ^ ^ , , „ . _ _ ,
2 “ K2 2Similarly, for [B 0] = P0 [B][A]^ = P_ba^ and
[BAjj] = f3n [B][A]N = Pnban 
. #. from equation (13)
A = a + P,ba + 2(3_ba^+...  +N(B „ban
X  '  d* u
= a (1 + P,b + 2P_ba +  +N0 ba11-1)jl dt n
N
A = a + b -2«. np a11.... *...........   (15)
1 n
Similarly for equation (l4)
B = b + P,ba + p_ba^ + ...  +j3 ba111 2 n
= b (1 + P-^ a + Pga + •••*•' +Pna )
N
B = b l L p nan ....  (16)
o
The number of ligands bound to each central group is 
given by
- Amount of ligand attached to central group 
Total concentration of central group
from equation (1)
v r N R n,a + b ( ^  nP a ) -a
In the acid range, i.e. pH smaller than seven, citric 
acid can be considered to be a tribasic acid (H^A) and in 
aqueous solution, the following equilibria will be present.
h + + A3 - - ^ h a 2-, Kl = 3h  = Ih^ I
^  [ H + ] [ A 3 - ]
. o [ H A -]
H + HA —S» HA~ K -  _______—  8 - K K
  2  > K 2  -  .[ h + ^ h a S - j  ’ P 2  K 1 * K 2  •
H + HA — H A,  K = — 1-------------  , = K K K
2 -x; 3 3 [H+KHAp 3 1 2  3
(where K^, and are the stepwise stability constants
H H Hwhile p^ , P2 » and P3 are overall stability constants).
H H HThe values of p^, p^, and p^ can be obtained from
equation (1?) as the values of n^ and h are known (see Table XV)
In the case of citric acid the central group is the 
3-citrate ion, A , and hence equation (17) can be written,
w o
V n°na
n
-  1_
-  N
P a n
n
o
As citric acid is considered to be tribasic acid, N will be
equal to 3 and hence the above equation can be written as
qH n qH 2 _ qH 3p , „ a  + 2 p 0 . a + 3 P o * a— _ X d* j o\
XXjj — 1 1 TJ  ^ H 2 jg 'o «••••#••••««•#•*#• \ -1-0 /
1 + P-^.a + P^.a + P^.a 
In the case of citric acid a = h free hydrogen ion concentration.
^  + hCHjj - l)p” + h2(i^ j - 2)p| + - 3)^3 = o ---- - (19)
By constructing a suitable computer programme, and solving any 
three of the N simultaneous equations all of which are of the
TT TT tl
form of equation (1 9 )* the values of (3^  , j3g and (3^  can be 
determined* In all, for each unknown stability constant,
1 2 0 values were obtained and the average values of these 1 20  
values for the three unknown constants are:-
p“ = 2.137 x 1 0 5 , logP“ =5.33
p“ = 3.585 x 1 0 9 , logPg = 9.55
p” = 3 . 8 5 8 x 1012, logP^ = 12*59
These values are compared with the literature values below,
logP^ logp^
5.62 9.96 12.87
5.£i9 9.88 12.96
5.33 9.55 12.59 [Present Work]
The values obtained in the present work are slightly 
lower than the literature values. In the present investigation, 
the stability constants are determined in the presence of 
perchloric acid and at 0°C. The literature values are reported 
at room temperature. Hence, iti s  reasonable to believe that 
under the conditions employed, the dissociation of the acid 
has been suppressed slightly.
The entire curve (see Figs. 8 and 9) was not used to 
select values of n^ . and h, but only that part of the curve 
which gave reasonably large values of - V^. For example, 
the curve was used between pH values 3.^ and 5.2 (see Fig. 8 ).
In this part of the curve the values of vary between
1.30ml* and 0.39ml. (see Table XV). In other regions,
FIG.9
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was smaller and subject, therefore, to a larger experimental
error
Stability constants of manganese(II)/citrate complexes
In the system studied the potential ligands are
3-  2 -  -A and HA , The ion, H0A was not considered because, under
frhese conditions of acidity, manganese hydroxide species 
precipitate in the presence of acetate ion (see experimental 
section, Part II of the thesis), i.e. it may be concluded that 
there is little or no complex formation between a monobasic 
carboxylate ion, H0A~ or CH-COO™, and manganese(IX)• Hence
* j
possible equilibria are:-
(1) Mn + A MnA~, Pm2+ . „ 3 -  o _ [I-faA~]
[Mn2+][A3_]
2+ . „„3- «S. w a4- Q [MnA2 ](2) Mn + 2AJ • ^  MnA’ , P
2 ’ m 2 [Mn2+][A3-]2
(3) Mn2+ + HA2- — — >> MnHA, P =  -
^  . [Mn ] [HA ]
n .  o  P  [Mn(HA)2-]
(4) Mn2 + 2HA2' _ ^ M n ( H A )  ", P =
“ 2 [MnHA][HA ]
where Pm , Pm  , p^, and p ^  are the overall stability
2 2 
constants of the respective reactions.
Near pH?, the tribasic acid may be regarded as
completely dissociated and [HA] — ^ 0, therefore, [MnHA] and
2— — 4—[Mh(HA)2 ] may not be formed and MnA and MnA^ are the
predominant species. The stability constants |3^ and (3^ 
in the range h = 6.310 x 10*"^  to 6.310 x 10™ have been 
calculated as is described below.
2
From equation (17, as N = 2 in this case, we may write
^MA*a + 2 I^4A *a ~ 2n =  ..... -..- ^ . . i. —i
1 + ^MA*a + ^MA2*a
. * . n + a (n - 1) R + a2(ii - 2) (3 = 0 ............. (20)
MA MA
The values of n are given in Table XV. The values of free
ligand concentration, a, can be calculated from the values of
— H H Hfa, A, n, j3^ , {32, and (3^ from the equation:
A - nBa =-------
H n
P -hn
o n
As N = 3,
A - nB
a = oH . dH , 2 qH ,3 
1 + (31#h + P2 * + .^3*
... (21)
A and B are the total concentrations of ligand and metal ion,
respectively, which can be calculated from the known amounts
of ligand and metal-ion salt. The values of fa are given in 
H H HTable XV. (3^  , (3^  and j3^ » stability constants of
citric acid, are evaluated previously, and hence the only 
unknown, a, can be easily Calculated. Along with the values 
of a, the values of n and h which will be used to calculate the
and are given in Table XVI.
2
Thus, substituting the values of n and a from Table XVI 
in equation (20) and by constructing a suitable computer 
programme to solve any two of the N simultaneous equations,
TABLE XVI
The values of ii, h and a used for the calculations 
of and pFiA
n h(M) a(M)
7.492 x 1CT2 -*
. 1
-4
2.51 x 10 1.635 x 1 0 ~ 5
9.253 x 1 0 ~ 2 1 . 5 8  x 1 0 “ 4 3.919 x 10
1.550 x 10"1 1 . 0 0  x 1 0 ~ 4 8.307 x lO" 5
2.083 x 1 0 _1 6.31 x 1 0 - 5 1.639 x 1 0 “ 4
2 . 8 8 2  x lO" 1 3.98 x 10“ 5 2.877 x 1 0 ~ 4
3 . 6 3 8  x 1 0 - 1 2.5I x 1Q~ 5 4.636 x 1 0 ~ 4
4.368 x 1 0 " 1 1.58 x 1 0 ” 5 6.857 x 1Q~ 4
5 ^ 3 6 9 x 1 0 " 1 1.00 X 10“5 8.841 x 1 0 ~ 4
6 . 0 1 2  x 1 0 " 1 
____________
6 . 3 1  x 1 0 ~ 6
...... .i. ,1..-.. ...
1.103 x lO” 3
the values of (3^ and (3^ can be calculated* The average
values of [3^ and (3^  ^ obtained are:
2
= 1.033 x 103, logpM . = 3.014,MA.
PMA = 9 *449 x 1° (‘- loSpMft. = 4 *97 2 2
• ■ -.4
Now in the pH range between h = 3*981 x 10 and
/ *  -66.310 x 10 (see Table XVII) ignoring all other species, we 
may calculate (3^ from equation (17) which, when N = 1,
reduces to
^MA * an — m ' "  V ~  L 1  r n m m m m m  \  /
1 + ^MA*a
* * ^MA “ , -) • . (22a)
a <. 1-n)
In equation (22) the values of n and a are known and hence 
P ^  may be calculated. The values obtained for p ^  are given 
in Table XVII along with those of a, n, 1-n, and h. When the 
values of Pjj^  are plotted against h, the graph shown in Fig. 10 
is obtained, on which, j3^ (minimum) = 1X31 which is in 
reasonable agreement with the computed value of 1033« At h
_ c
greater than 1.585 x 10 M, p ^  increases (see Fig. 10),
2-presum&bly because MnHA and Mn(HA)g complexes become more
— 5important. And at h less than 1.585 x 10 M again p ^  increase
k~presumably because here, the complex MmA~ becomes important.
The stability constants, P ^  and p ^  , derived from the computin 
work are thus reliable. The step-wise stability constants may
TABLE XVII
The values of h, a, n, 1-n, and |3^
h(M) a(M)
k. . .......
n 1-n ^MA
3.981x10 6.368xlO“6 0 .032%! 0.94759 8.685xlQ3
2.512x10”^ 1.635xlO“3 0.07492 0.92508 4.953x103
1.585x10“** 3 o 919xlO~5 0.09233 0.90747 2 .6 0 0x1 0 3
X.OOQxlO"*^ 8.307xlO“5 0.1553 0.8447 2.212xl03
6 .3 1 0x1 0 “ 3 1.639x10“^ 0.2083 0.7917 1 . 6 0 5 x 1 0 3
3 c 98lxlO~3 2.877x10“^ 0.2882 0.7118 1.407x103
2.512xlO“3 4.636x10 ^ O.3638 0.6362 !.2 3 3x1 0 3
X.585xl0“3 6.857x10“** 0.4368 0.5632 1.131xl03
1.000x10“5 8.841x10“^ 0.5369 0.4631 1 .2 9 3x1 0 3
6.310xlO“6 1.103xl0“3 0.6012 0.3988 1 . 3 6 7 x 1 0 3
FIG. IO
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b o w be calculated.
Mn2+ + A3“ ----^  MnA"* ............  K,^   1
MnA“ + A~*~  -■»■■■ MnA^~*...... . Kn* '"■*—■■ & d
Ki = ^ma and ^m a 2 = Ki*k2
• k PmAs> 9.449 x IQ4 . -
O  C \  T^ * Q “* y  ^ ^
1 1.033 x 10-5
Thus, E = = 1.033 x 103 and = 91-5 hence it may be
4- •
concluded that MnA^ is only weakly formed.
The various values reported for logf3^ in the literature
are compared with that obtained in the present work below.
logPm  = 3.67 ^ 163 ■*, 3.541-168’185-', 3.72'-186-', 3.014 [Present Work] „
Thus the value obtained shows good agreement, as the reported
values and the value obtained in the present work are not
determined under identical experimental conditions. It may be
concluded that near pH = 4.80, the main complex formed is MhA ,
4_
whilsi MnA2 is only partly formed at this pH although as
pH -— -> 7  ^ the biscitratomanganese(II) will be formed to a much
greater extent.
Thus as was discussed above the values of and {3.^  for
l2
the equilibria*
Mn2 +
Mn2+ + 2A3~  ^ M n A ^ “ ,
x  £
respectively, are calculated neglecting the complexes, [MnHA]
2 -and [MnCHA)^] over a chosen pH range. Conversely at higher
acidity, the complexes [MnA*"] and [MnA^] are neglected and
2the stability constants for the complexes [MnHA] and [Mn(HA)g] 
can be calculated.
For citric acid,
pH = fHA2"]
1 CH+][A3"]
.'. [HA2"] = P^[H+][A3-]
_  +_
As the values of [H J = h, A = a, and are known, those of 
2-HA can be calculated from the above relationship. The values
-  2 —of n, h , a, and HA are given in Table X V I I I .
If it is assumed that the calculated values of n refer
2 -to the formation of a complex with the HA ion only* i.e.,
2 —ignoring the complex [Mn(HA)g ] the stability constant p^.
may be calculated for the equilibrium,
Mn2+ + EA2"  MnHA.
.  --
from equation (17) which reduces to 
s = , if u = i
1 + P
The values of p..,,, obtained are summarised in Table XXX along
M i l
with those of n.
2 -The calculated values of HA are in excess by at J east
o ____________________
one order of magnitude over those of a = A (see Table XVill). 
In regions where n ■d 0.05 large experimental errors in n are to 
be expected. The stability constant, P^ jp, decreases as n 
increases until at values of n >  0.03^84, five reasonably 
constant values of P ^  are obtained. The average of the 
last five values is, P ^  = 153*8, i.e., logp^ = . This
r n o ' *value is in good agreement with that reported by Li eb aX. 
which is logPm  = 2.08.
TABLE XVIII
-  2The values of n, h, a and HA
n
...  . . . .
h(M) a(M)
0  _
HA (M)
0.02755 3.981 x 10~3 1 . 9 4 5  X 1 0" 1.655 x 10“3
0.03484 2.512 X  10”3 6 . 8 9 5  X 10 3.701 x 1Q~3
0.05241 3.981 x 1Q~4 6.368 x 10 5.418 x 104
0.07492 2.512 x 10"4 1.635 x 10“5 -42.205 x 10
0.09253 1.585 x 10~4 3 . 9 1 9  x XQ~3 1.327 x 10~3
0.1553 1 . 0 0 0  x ib~4 8.307 x 10“5 1.775 x 10~3
0.2083 6.310 x 10“5 -41.639 x 10 2.210 x 10“J
L r | . — > 1 ,,-,   . ■ n  —  —  — ,.hn
TABLE XIX
n ^MH
0.02755 1711
0.03484 975.4
0.05241 .102.1
0.07492 367.7
0.09253 76.8
0.1553 103.5
0.2083 119.1
The values of 8 _ a n d  8T_T can be also calculated for
the equilibria,
2 +  p  _
Mn + HA — i MnHA----
Mn2 + + 211 A2- -    ** [Mn(HA)2-]
from equation (17) which reduces to
P'R/TOr®0, + 2P1Mtt #a
n = 2 , for N = 2a o a
1 + ^KH* + ^MH0'2
i.e., n + a (n-1) (3^^ a2(n-2) (3^ = 0  ........ ...... (23)
Xm
2 -and a = HA
Using the last five values given in Table XVIII, the computer
programme, which was used earlier, was employed to solve the
simultaneous equations (23) and the mean values of (3>/ro. and
Fixi
ohtained are 3]ye = 217.1, i.e., 1osP1jSH = 2.337, and
dj
(3^ = 12470, i.e., Io sP-^ ji = 4.096. Thus, the coEiputed
2 2 
value of logpj^ = 2.337 shows good agreement with the value of
iogpj^p, i.e., 2.187, which was obtained assuming that only the
complex, MnHA is formed.
Thus the results obtained confirm and extend the
-S -a .*.*  ^ ^ 1 [163,164,168,183,184] -deductinns made by other workers 9 1  ^ jn
general, complexes of manganese(II) are less stable than
those of manganese(III) by several orders of magnitude.
3 „
Moreover, the complexes of citrate ion (A ) are more stable
2-than those of the monoprotonated citrate ion (HA ) although
2_
the estimated value of p..„ for [Mn(HA) _ ] is apparently
2
high. Under the experimental conditions used in the
3 —
present work, complexes with the citrate ion (A ) are only
formed in appreciable quantities at pH 4.5, whereas complex^
2-of noncprotonated citrate ion, HA are formed in more acid 
conditions and generally have a slightly lower stability than
3 „
those of the citrate ion (A ) with manganese(II).
(c) STABILITY CONSTANTS OF COMPLEXES FORMED BETTOEM 
MANGANESE (III) ION AND Cl TP ATE IONS,
The formal potentials at equal concentrations of 
mangune s e (III) and manganese(II) ions in the presence of 
trisodium citrate over a pH range and constant- ionic strength 
were studied with a view to obtaining information about the 
stability constants of manganese(III)/citrate complexes.
The experimental arrangements were described earlier. The 
results obtained are summarised in Table XX and Fig. II. The 
results were used to determine the stability constants ct 
manganese(III)/citrate complexes from the relationship,
^'f _
= “ “  los(nIII "n n^H dpH nF
o ~ . . .As the experiments were carried out a t -0 C and the reaction is
assumed to be a one-electron transfer process, the above
equation reduces to,
f*
d£H = -0.°542(ni;£I - n)rTI 
(where, nT-,.T = the degree of formation of met&l-ligand complex
I x l
for manganese(III) ; n = the degree of formation of metal-15.gar, 
complexes for manganese (II) and is the degree of Equation 
of nroton-ligand complexes).
TABLE XX
Changes in formal potentials, E^ , over a pH range with time
Expt. 1, Expt. 2.
Time
(minutes) Ef |pH Time(minutes) Ef pH
15 0.9196 0.97 35 0.6444 3.0
30 0.9728 O.98 45 0.6368 2.92
40 0.9732 0.93 55 0.6242 2.82
50 0.9520 O.85 65 0.6086 2.82
60 0.9330 0.81 75 0.5940 2.83
70 0.9116 0.78 85 0.5824 2.83
80 0.9035 0.69 95 0.5654 2.82
90 0.8918 0.72 106 0.5585 2.82
100 0.8804 0.73 116 0.5543 2.83
110 0.8735 0.70
120 0.8662 0.71
Bxpt. 3. Expt. 4.
35 0.4740 5.6 30 0.4345 6.24
45 0.4495 4.99 40 0.4004 6.23
55 0.4358 4.8 52 0.3786 6.38
65 0.4l68 4.91 60 0.3712 6.20
75 0.4075 4.88 70 0.3677 6.43
85 0.4002 4.87 80 0.3588 6.40
95 O.3930 4.82 90 0.3562 6.40
105 0.3905 4.82 100 0.3548 6.40
116 0.3893 4.70
i
110 0.3532 6.38
(Contd.
TABLE XX (Contd,)
Time 
(minutes)
Ef pH
35 0.3945 8*92
45 0.3454 8.83
55 0.3203 8.74
65 0.2993 8.77
75 0.2856 8. 88
85 0.2815 8.72
98 0.2804 8.64
110 0.2706 8.65
120 0.2658 8.70
TABLE X & X
Values of n^^, h, and pH derived from measurements
of E„
nIII pH Ii(M)
0.9296 2.0 1.0 x !0~2
0.9197 2.5 3.162 x 1Q~3
0.8867 3*0 1.000 x 10“3
0.9109 3.5 3.162 x 10"4
1.0278 4.0 -41.000 x 10
1.3460 4.5 3.162 x 10“5
1.919 5-0
i
1.000 x 10”5
F IG. I I
Ef VS. pH
l-Or
0-6
0-4
0-2
1208 04-0
The values of* n and n^ are already evaluated under 
similar conditions in the previous discussion* The values of* EX
(formal potential), over a range of pH values were determined
here as is described in the experimental section, Part 11 of
the thesis, and hence from the change of potential with pH,
values of can be determined*
From a graph of (obtained after 30 minutes) against
dEpH (see Fig* 11), using a graphical method, values of f were
dpH
obtained at various pH values. The corresponding values of n 
and njj were taken from the previous experimental results. The
values of were derived in the pH range 2 to 5 since at
cLSa errors in the graphical determination of f become
dpH
large (see Fig.11):
The values of a*'© given in Table XXI along with
the hydrogen ion concentration, h, and the pH values. From 
Table XXI it can be seen that between pH 2 and pH 3, the 
values of njjj are almost constant and very nearly equal to I,
which suggests that the first complex,
3+ 3_
Mn + A  S> MnA is fully formed, even under
these conditions. Hence, the results suggest that manganese(III
very much affects the dissociation constants of citric acid
(trisodium citrate was used as the source of citrate ion).
At pH ^  3, nTTT. increases (see Table XXI) probably because XXX
of the process,
MnA + A3" ---^  MnA3“
x: '■ 2
The stepwise stability constant, of this reaction can be
calculated as is described below.
[MnAl"] ............................  (24)K = -------
[MnA][A^ ]
Mow,
[MnA3~] nn i  - 1
[MnA] 1
since the species [MnA] is fully formed.
Substituting these value in equation (2%),
K  -K2 “ J
Values of were calculated for the following values of
— 3 -
nIIX and ^
n j n  [A3”] (M)
1.0278 2.038 x 10~3
1.3^60 1.060 x 10~4
1.919 3« 216 x 10“4
3 —The free ligand concentration [A ] was calculated as described 
earlier. The average value of obtained is 1.871 x 103, 
i.e., 1o§K2 = 3.272.
Now for the reaction,
Mn3+ + 2A3“ ---
is logP2 = 21.78 (see Table XIV)
As 3 = K K , K = ~  = I!'1 = 3.22 X 1018
^ ^ 1 a2 1.87 x 10
Thus the value of K, for the reaction,1 7
Mn3+ + A3” — X  MnA 
---
18is 3*22 x 10 , i.e. logK^ = 18.51* These results indicate that
3 —at pH = 6, the bis-citrato complex, [MnA^~] is fully formed.
Hence, the stability constant, logS = 21.78 derived earlier, 
and shown in Table XXV refers to the bis-citrato complex, 
i.e. to (3^ , the overall stability constant.
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